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Abstract 
This thesis evaluates the effect of a using reconfigurable antenna (RA) on the performance of 
wireless communication in underground mines. Multipath levels in the underground mine 
propagation environment vary from moderate to high. The severity of multipath fading is controlled 
by the tunnel dimension, operating frequency, wave polarisation, electrical properties, and antenna 
position. Antenna design considers the last three controlling factors. Thus, this thesis investigates 
the usefulness of an RA in mitigating multipath effects in an underground mine at the physical 
layer. Existing multipath mitigation techniques feature bulky antenna systems or computationally 
intensive processes and are therefore unsuitable for the underground mine environment. Therefore a 
symmetrical pattern RA was selected for investigation. The circular planar antenna consists of four 
radiating elements separated by a 0.1 m single-layer substrate to provide spatial and polarisation 
diversity.  
Complex channel response from three experiments was recorded and analysed to evaluate the 
effects of antenna placement, changing tunnel dimension, and wave polarisation. The antenna 
placement was conducted in an emulated tunnel while the effect of changing tunnel dimension was 
conducted in a hard rock underground mine. The channel sounder is a portable vector network 
analyser (VNA) transmitting from port 1 and receiving on port 2. The wide stationary channel was 
swept from 1 to 4 GHz in 15MHz steps. The S21 data was post-processed to determine the path loss 
exponent, time dispersion, and capacity for the third experiment. A dipole antenna was 
characterised in the underground mine with the RA to provide reference measurements. Results 
suggest that the spatial diversity and polarisation diversity gains improved the path loss exponent in 
the tunnel with changing dimension. The directed radiation pattern of the RA filters out multipath 
components to significantly reduce the mean RMS delay in the non-line-of sight (NLOS). The RA 
offers 22% and 21% path loss improvement over the dipole in the line-of-sight (LOS) NLOS, 
respectively. Results also suggest that the path loss is less correlated to the distance. Shadowing in 
the LOS environment is lower than that of the NLOS for both antenna types. However, the RA 
show 23%  and 28% higher deviation of the signal power in the LOS and NLOS environment, 
respectively, when compared to the dipole. The time dispersion of the channel is considered in the 
coherence bandwidth. The coherence bandwidth in the LOS is greater than that of the NLOS. 
However, the RA and dipole in a narrow tunnel dimension experience a 33% decrease in coherence 
bandwidth. Compared with previously published data, the published directional and dipole results 
reported a decrease of 75%, while the dipole experienced a 54% decrease. This suggests that time 
dispersion is a function of the antenna radiation pattern and not the tunnel dimension. The RA 
placement investigation showed that placing the transmitting RA under the ceiling is optimum. 
ii 
Although placing the antenna on the walls induces some loss, it is not significant. The best optimum 
transmit-receive pair can be realised every time the channel changes.  
Thus, an RA offers flexibility in antenna placement with reliability in the wireless link. Spatial 
diversity improves the path loss exponent as well as antenna insertion loss leading to low signal 
attenuation. Polarisation diversity improves polarisation loss due to tunnel wall reflections and EM 
wave propagation around the bend. The combined effect of spatial polarisation diversity ensures 
that  a reliable link is available with 0.7 probability.  
A pattern and polarisation RA is recommended as an effective physical layer multipath mitigation 
technique for wireless communications in an underground mine.  
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Chapter 1  
Introduction 
1.1 Background and Motivation  
Real-time communication in continuous production industries, including underground mines, has 
seen an increase in productivity and safety records [1, 2]. Access to real-time data in making critical 
operational decisions largely depends on the reliability of the communications infrastructure. 
Underground mines have unique limitations that affect their access networks, which can either be 
wired, or wireless, or a mix of both. The wired network has limited coverage which can easily be 
extended using wireless links. Pure wireless networks have wider coverage but are unreliable. The 
underground mine propagation environment differs in nature from surface propagation 
environments; therefore, when devices and systems optimised for surface environments are installed 
in underground mines they are affected by the unique propagation effects. The most disruptive of 
these effects is multipath fading. The severity of multipath in underground mines continues to 
challenge existing multipath mitigation techniques. Moreover, future underground mines will 
require new facilities, such as autonomous vehicles, fully remote-controlled machines, and 
underground processing facilities [2].  These new facilities will require more bandwidth and higher 
data rates. The use of multiple antenna systems offers some improvement in mitigating multipath 
through diversity; however, the element spacing requirements and larger form factor of such 
systems renders them impractical for confined environments.  
Multipath fading poses the greatest challenge to wireless devices designed for indoor application in 
surface installations. In surface systems where the transmitter is positioned higher than the receiver, 
the effect of multipath is intense at only one end of the link. In the underground mine, however, 
scatterers are close to the transmitting and receiving antennas. Thus, the effect of multipath and 
signal depolarisation requires the use of different antenna types – omnidirectional and directional –
with multiple orthogonal configurations to provide desirable performance. Developing a network 
system requires multiple fixed antennas, and although it is possible to achieve good performance for 
a fixed environment via careful configuration, manual adjustment is required to achieve optimum 
performance when changes in the propagation environment occur. The purpose of this research is to 
address multipath and other related challenges in underground mines at the physical layer by 
evaluating the practical application of a reconfigurable antenna (RA) in that environment. 
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A simple, low-profile, cost-effective, and power-efficient RA is required. The RA‟s compact design 
occupies less space when installed, meaning it can be positioned in a tight location, and its simple 
adaptive mechanism should consume less power [1]. This thesis investigates the use of a 
reconfigurable antenna, which can adjust its operation to provide an optimal configuration for a 
wide variety of communication links [2, 3], rather than a fixed-beam antenna which is tuned for a 
static scenario. 
1.2 Aim of the Thesis 
This thesis aims to develop an understanding of the propagation environment in underground mines 
and the performance of RAs in that setting. The information can be used to produce a set of 
guidelines to inform the design and installation of an RA in a confined propagation environment. 
The following approaches are used in achieving the aforementioned aims: 
1. Develop an understanding of the underground mine propagation environment.  
2. Demonstrate the benefits of different reconfigurable modes in an underground mine 
propagation environment.  
3. Design a realistic, simple, and flexible channel model capable of incorporating antenna 
effects with channel effects. 
4. Perform a realistic RA simulation: to understand the behaviour of the RA in an underground 
mine tunnel and to validate the accuracy and flexibility of the simple, realistic channel 
model developed approach 3.  
5. Develop a design and associated installation guidelines for RAs in underground mines.  
1.3 Original Contributions of the Thesis 
The work undertaken to achieve the aims of this thesis is the result of the following original 
research:  
1. Development of a realistic channel model for pattern-reconfigurable antenna: 
a. Parameterising the double-directional ray-tracing channel model with the channel 
and RA effects for underground mines. 
b. Designing an extraction method for angle of departure (AoD) and angle of arrival 
(AoA) from beam directivity for use in the model. 
2. Investigation of a prototype RA in a confined environment: 
a. Incorporating the prototype RA into a realistic environment using a commercial 
propagation tool to gain physical insights into the effects of the propagation 
environment. 
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b. Confirming that a symmetrical antenna configuration offers polarization 
reconfigurability which leads to diversity gain. 
c. Demonstrating that with reconfigurability, antenna placement has little impact on the 
received signal strength when optimum operating states are selected.  
3. Development of a Channel Sounder: 
a. Developing the network and algorithm for the client-server RA controller. 
b. Designing and assembling a portable automated channel sounder for a confined 
propagation environment. 
4. Channel Characterisation of RAs in underground mines: 
a. Offsetting the antenna beam from the boresight to increase the grazing angle when 
aligned with the reflecting boundary in a confined environment, resulting in reduced 
attenuation for high-order modes. 
b. Demonstrating that antenna configuration within the propagation environment has a 
negligible impact on the signal quality when optimum operating states are selected.  
   
1.4 Thesis Organisation 
The rest of the thesis is organised as follows: Chapter 2 provides a review of communications in an 
underground mine. Chapter 3 introduces the proposed RA channel model. The synthesis and 
evaluation of the RA through simulation is discussed in Chapter 4. Chapter 5 includes a description 
of the channel sounder and presents measurements results. Finally, Chapter 6 contains the thesis 
conclusion.  
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Chapter 2  
Through-the-Air Communications in 
Underground Mines 
In any organisation, communication plays a vital role in achieving coordinated work safely and 
efficiently. The logical solution was to adapt the available communications systems. In the early 
days of underground mining, communication was establised through signaling and carrier systems 
[2]. The coverage limitaion was addressed with wireless communication at very low-to-medium 
frequency (VLF and MF) [4, 5]. However, pure wireless communications system has limited range 
due to the high attenuation at VLF and larger devices at MF freqyency range. Leaky feeder systems 
offer better performance than the VLF and MF systems [4, 5]. Desipte that, the leaky feeder is 
offers limited coverage to certain areas such as the working face. Extending the coverage area 
required the full mesh wireless network [5] which provided redundant links to improve reliability at 
the cost of latency. More recently, ultra-wideband (UWB) systems [6, 7]  and millimeter (MM) 
wave systems [8, 9] were considered in anticipation of the changes in underground mine 
communication requirements. The main application of the early systems was the transmission of 
narrowband voice signals. As the need for tracking and remote sensing arose, other radio-based 
systems were designed and implemented as stand-alone systems. As the mine grows, the challenge 
of managing and maintain individual systems becomes more complicated. A unified application 
system on a single communication platform simplifies system maintenance. A successful unified 
communication system requires reliable communication systems, however, and the redundant mesh 
network seemed like a promising candidate [5]. The need for video and visual imaging of 
underground processes in implementing collision avoidance, remote control, robotics, and 
autonomous systems operations in underground mines will demand more bandwidth. Thus, current 
research is considering UWB and MM systems [6-9]. In systems where a wired backbone exists, the 
last mile-connection is always an antenna [4, 5]. It is evident that through-the-air communications 
will become a vital part of any system in underground mines.  
This chapter provides a survey of the field of wireless communications in underground mines, with 
a focus on through-the-air communications. It begins with an outline of the challenges that continue 
to limit the performance of the through-the-air communication and then reviews the appropriate 
techniques for mitigating the effects of these challenges.  
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2.1 Challenges of Through-the-Air Communications in Underground 
Mines 
The earliest work on ultra-high frequency (UHF) propagation in mine tunnels is reported in [10]. 
Although the theoretical model was based on coal mines, the results are applicable to any mine. The 
theoretical results are compared with experimental results which confirm that a) attenuation decays 
exponentially with increasing distance, b) in a straight tunnel with a significant difference between 
the height and width, there are significant polarisation effects, and c) transmission loss at certain 
distances decreases as the frequency increases. The effect of corners or bends in a tunnel is also 
studied in [10] which concludes that a) there is significant signal attenuation around a corner or 
bend for all frequencies considered and b) the signal undergoes complete depolarisation around the 
corner or bend. These conclusions agree with recent studies conducted in underground mines and 
tunnels in [6, 11].  
The study in [11] outlines some key controlling factors that affect the propagation of the 
electromagnetic (EM) wave that affects the performance of wireless communication in underground 
mines. The controlling factors were identified by unifying the ray tracing method in [12] and modal 
method based on the rectangle tunnel model in [10]. The factors include tunnel dimension, 
operating frequency, polarisation, electrical properties, and antenna position. The extensive study 
covered four different tunnel dimensions with four different frequencies and two polarisations. The 
results of this study suggest that tunnel dimension and frequency determine the attenuation rate. At 
the same frequency, the wider tunnel exhibits lower attenuation loss owing to the short distance to 
the linear propagation behavior of the wave. In the same tunnel, the higher frequency showed a 
lower attenuation rate because the attenuation constant is inversely proportional to frequency.  The 
study also considers polarisation effects, which are coupled to the tunnel dimension and frequency 
to affect the attenuation constant. At higher frequency and equal tunnel dimension, the effect of 
polarisation is not significant. However, the horizontally polarised antenna in the wider tunnel 
reported lower attenuation loss than that of the vertical. This relationship agrees with the conclusion 
in [10] that the tunnel dimension controls the attenuation rate as well as polarisation loss in the 
straight tunnel. When the receiver is taken around a corner, signal depolarisation is not observed as 
reported in [2, 10]. Furthermore, as shown in [6], path loss is a influenced by of polarisation and 
antenna position.  
Theoretical models have shown that the distribution of power within the tunnel is related to the 
position of the transmitting and receiving antennas. The study in [6] was conducted to understand 
the effect of antenna position in a UWB system. Also, optimised position for distributed multiple 
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input, multiple output (MIMO) systems in underground mines was found to be a trade-off between 
wider power distribution and high capacity [13]. The ideal antenna position for optimum power 
distribution may not be the best position for maximum capacity for distributed MIMO systems. This 
only complicates the design and installation of MIMO systems. However, using a two-step 
optimisation process, the optimum position can be identified on either the walls or the ceiling. 
While this is encouraging, there is less flexibility in the selection of installation location. On the 
other hand, the single input, single output (SISO) system considered in [6] reports that average path 
loss varies significantly with antenna position. The results suggest that an antenna mounted on the 
ceiling with horizontal polarisation exhibits the least path loss; however, the study cannot conclude 
that antenna position alone has produced these results. In addition to the path loss behaviour, time 
dispersion characteristics of the channel are reported. Antenna position has more impact on the time 
dispersion than polarisation. The study also suggests that a more comprehensive result may be 
obtained by combining results from all antenna positions with polarisation to capture the effect of 
large variation in the channel due to scattering from the tunnel walls. In summary, antenna position 
and polarisation have a significant impact on the path loss as well as time dispersion.  
2.2 Multipath Fading in Underground Mines 
Time dispersion is one of the three most important small-scale fading effects in a radio channel 
which will naturally have multipath. In an underground mine tunnel, the bounding walls confine the 
propagating EM wave. At UHF frequency, the tunnel behaves like a regular waveguide. However, 
most underground mine tunnel walls, ceilings, and sometimes floors, are not as smooth as the walls 
in a regular waveguide. The variability of the tunnel wall surface in underground mines scatters the 
EM wave, which results in very high multipath. Since the signal propagation time and bandwidth is 
relative to the small-scale fading or multipath fading , it is also dependent on the operating 
frequency in addition to tunnel dimension and polarisation [10]. Therefore, at UHF frequencies and 
higher, the effects of multipath fading will become more significant because of the delayed 
appearance of the linear attenuation propagation zone after the breakpoint, as discussed in [4, 11].  
Devices and systems operating in the frequency band from 2GHz to 6GHz in underground mines 
are highly attractive for three main reasons. Firstly, the small form factor of devices in this 
frequency band is compatible with space constraints in underground mines. As discussed in [5], 
unlike MF systems, UHF/SHF systems are portable owing to their small size. Secondly, they 
experience lower attenuation loss, as reported in [11].  This relationship agrees with the Friis free 
space equation where the received power increases by the square of the frequency [14]. Thirdly, the 
increased bandwidth at the UHF/SHF frequency range will lead to a higher data rate which is 
required for high-definition video transmission in implementing tele-remote control or autonomous 
 Through-the-Air Communications in Underground Mines 
8 
processes [7]. Despite these benefits, the performance of UHF/SHF wireless systems for 
underground mines will be influenced by the control factors mentioned earlier, with multipath 
fading being the most significant.   
The presence of multipath can be a blessing in disguise for wireless systems in underground mines. 
Thus, instead of mitigating the effects of multipath fading, the research community is actively 
investigating the performance of MIMO in using multipath in underground mines to increase 
system capacity [7, 9, 13, 15-21]. Traditionally, spatial diversity is implemented using multiple 
antennas spaced 0.4λ apart to compensate for the channel impairment caused by multipath fading 
[14]. Spatial diversity works by selecting the path with the best signal as the path on which to 
establish the wireless link. If all available paths are used to transmit data, the data rate will increase 
as a factor of the number of antennas, which consequently increases the capacity of MIMO systems. 
However, the tunnel dimension defines the space availability, thus limiting the maximum number of 
antenna elements. Polarisation and antenna position also influence the performance of MIMO 
systems. The performance study of MIMO antennas in [15] reveals that capacity is affected by the  
signal-to-noise ratio (SNR) at the receive antenna, which is a function of path loss. Indirectly, 
multipath still affects the capacity. If the channel is non-stationary due to the movement of 
machinery and miners, it is disturbed by scattering, leading to multipath fading [17, 18]. An 
additional study in [19] indicates that the required antenna spacing for sufficient decorrelation 
between sub-channels, which is necessary for better capacity, is 2λ [15]. The requirement for 
optimum performance of MIMO systems in the tunnel with infrastructure increased the antenna 
spacing to 4λ with a specific antenna position [21]. Because of the controlling effect of the tunnel 
dimension, polarisation, and antenna position, the effectiveness of MIMO systems remains open to 
research. These challenges require an alternate solution to mitigate multipath fading and improve 
system performance. Modifying antenna parameters can also improve system performance.  
Conventional antennas designed from surface communication systems were optimised for 
propagation in free space with large distances between scatters. In underground mines, however, the 
scatters are closer to the antennas. Antenna parameters such as polarisation and gain have unique 
effects on the propagation signal [6, 16, 22]. The high-gain antenna has been shown to improve path 
loss in the line-of-sight (LOS) but not so in the non-line-of-sight (NLOS) for SISO systems [22]. 
The directional MIMO system has lower capacity than omnidirectional MIMO system [16]. The 
reduced received look angle of the directed beam acts as a filter. In SISO systems, the reduced look 
angle filters broadly, reducing the number of multipath components; thus, components with 
significant power may be rejected. As with MIMO systems, the filter improves the correlation 
between signals, thus reducing channel capacity. However, it is possible to improve the MIMO 
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system by shaping the beam-width of the antenna to be equal to the angular spread within the 
propagation environment [23]. To this effect, a study of MIMO systems in underground mine 
tunnels found that the angular spread is higher in the near-field, where high-order modes are higher, 
and decreases with the axial distance [20]. The interesting finding is that in the far-field, the angular 
spread is less than 2.6
0
 as obtained from measurement and the simulation angular spread is 4
0
 which 
agrees with the SISO measurement in [24]. Consequently, a compatible antenna must be able to 
shape its radiation pattern to achieve optimum performance in an underground mine. While the 
pencil beam of 4
0
 is applicable in the far-field, the near-field requires a wider beam of 11
0
. 
Coincidently, it appears that it is possible to manipulate antenna parameters to minimise the effect 
of propagation controlling factors in an underground mine.  
2.3 Mitigating Multipath Fading in the Physical Layer 
Mitigation of multipath fading at the physical layer is achieved through spatial and polarisation 
diversity in surface systems. Spatial diversity has improved wireless links with lower overheads and 
at less cost [14] than equalisation. However, the selection of the diversity path may increase the 
complexity of the processing algorithm and overheads. Because the simplest technique may not 
select the optimum diversity path, a compromise must be reached. Also, polarisation diversity has 
complemented spatial diversity in systems being applied in space-confined propagation 
environments. For example, in the mobile tower, the antenna spacing requirement increases as the 
angle of the incident field is reduced. Thus, to maintain the minimum separation of λ/2 between 
antennas, orthogonal polarisation is employed, providing an alternate path to the mobile unit. 
Consequently, it is evident that some form of smart antenna system will provide better performance 
in underground mines.  
“Smart antenna” refers to an array antenna with the ability to steer its beam in the desired direction 
or shape its beam according to some optimum criteria [25]. Beam steering or shaping is achieved 
through signal processing. A digital processing device is needed to process and control the 
operation of the antenna. Smart antennas have found applications in various areas, including radar 
systems, mobile networks, and wireless communications.   
Antennas in wireless communication systems for underground mines are an adaptation of surface 
antennas.  As such, their performance in underground mines has been inefficient and unreliable. 
This may be because there are no clear performance goals for the design of smart antennas for 
underground mines. As shown in Table 2-1, the antenna design goal will include gain, bandwidth, 
radiation pattern, and size. Because of spatial confinement, size will always be a priority. However, 
new antenna design techniques make it possible to meet all of the criteria. The second category 
(AoA estimation) deals with spatial performance goals where the AOA is estimated with less error 
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within a high resolution. As discussed earlier, directional antennas perform well in mitigating 
multipath fading, however that is only applicable in the LOS region. When smart antennas with 
beam steering ability are employed, the AOA estimation performance goals become relevant. 
Performance goals in categories one and two can be evaluated against the link performance goals. 
In underground mine wireless communications systems, the focus has always been on wireless link 
performance with less consideration given to the performance goals in categories one and two.  
Table 2-1 Performance goals for antennas in wireless communications [26] 
Antenna design AOA estimation Link performance 
Gain Error variance Coverage 
Bandwidth Bias Quality 
Radiation pattern Resolution Interference reduction 
Size   Spectral efficiency 
 
2.4 Smart Antennas in Underground Mines 
The design of smart antennas or conventional antennas for through-the-air communication in the 
underground mine has never gained much attention because of the challenges discussed in Section 
2.1. The scant research reported in the literature is in [27-30]. The ceiling-mounted inverted-F array 
in [27] offers an optimum position, however the gain of 2 dBi is too low. The UWB switched beam 
antenna proposed in [28] offers switched beam at the expense of larger and complicated structures. 
The six-element array based on dipoles proposed in [29] has a total dimension of 825 mm, which is 
too large and bulky for the confined spaces of underground mines. The wideband switched-beam 
antenna proposed in [30] is compact, offering a wide bandwidth of 1.2GHz with four circular 
polarised beams. However, the front-to-back ratio of the radiation pattern is too high which may 
reduce the coverage and consume more energy. It is encouraging to note that none of the proposed 
antennas needs experimental verification in an underground mine tunnel to verify its theory of 
operation. Therefore, it is necessary to investigate the performance of smart antennas in an 
underground mine and design compatible alternative for that environment.   
2.5 Summary 
This chapter surveyed through-the-air wireless communication in underground mines with a focus 
on managing multipath at the physical layer. The performance of surface wireless communication 
systems adapted for underground communications is unreliable.  Unique propagation challenges in 
the underground mine propagation channel do exist. The severe multipath in an underground mine 
is a result of the confining tunnel dimension which increases the rate of signal reflections. Also, the 
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position of the transmitting and receiving antenna has been shown to influence the multipath fading. 
Furthermore, the polarisation of the propagating wave is affected by the tunnel geometry and 
dimension. Tunnel dimension dictates the transmitter polarisation which may be different at the 
receiver owing to the tunnel geometry. Wave depolarisation in corners or bends of the tunnel 
increases attenuation. Known diversity techniques in current systems are less effective in 
minimising multipath and attenuation due to the controlling factors discussed in this chapter. 
Spatial diversity has proven to minimise multipath fading in surface systems; however, spatial 
diversity will only cater for the tunnel dimension. Polarisation and spatial diversity may provide 
performance improvement in underground mines. The use of smart antennas in underground mines 
can offer both spatial and polarisation diversity. The proposed smart antennas for underground 
mines lack empirical backing.   
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Chapter 3  
Double-Directional Ray-Tracing 
Channel Model for Underground Mines 
3.1 Introduction 
In a wireless channel, a signal propagates through multiple paths before arriving at the receiver. The 
multiple paths, also referred to as multipath components (MPCs), are collectively known as 
multipath. The multipath arises from scattering, reflection, and diffraction of the radiated energy by 
objects in the propagation environment or being refracted by the medium. These different 
propagation mechanisms influence path loss and fading models differently. However, there will be 
a dominant propagation mechanism in any scenario based on the propagation environment. Thus, an 
understanding of the dominant propagation mechanisms in a propagation environment assists in the 
design of a reliable wireless communication system. The aim of modelling the wireless channel is to 
predict the effects of each propagation mechanism in the propagation environment of interest. This 
chapter discusses the development of a wireless channel model for the underground mine that 
captures the effects of the channel as well as the antenna. The channel modelling will focus on 
reconfigurable antennas in a hard rock underground mine.  
The irregular shape of the air-filled hard rock propagation environment in an underground mine 
uniquely affects the propagation mechanism. The general shape of the underground mine structure 
is known to guide the EM waves as in a waveguide at ultra-high frequency (UHF) and higher [10]. 
However, predicting the effects of the channel is complicated by the rough and tilted tunnel walls, 
lower antenna heights, and changing dimensions of the gallery. At an operating frequency of 
2.45GHz, wall roughness has a negligible effect on the EM wave [4]. The irregular shape of the 
walls and ceiling scatters the EM wave, generating new secondary signals and enriching multipath 
in the propagation environment. For example, in the LOS regions, scattering and reflection are the 
dominant propagation mechanisms. In the obstructed NLOS regions, however, diffraction may be 
the dominant propagation mechanism. A new comprehensive channel capable of capturing all of 
these dominant propagation mechanisms in addition to antenna effects is required [4].  
Current underground channel models consider only the spatial and delay dispersion of the channel. 
The spatial dispersion describes the path loss as a function of the separation distance between the 
transmitter and receiver. Delay dispersion describes the multipath components and their effect on 
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the composite received signal [26]. However, angular dispersion becomes important when 
modelling smart antenna [26]. The angular dispersion describes the distribution of the transmitter 
rays and the received rays. The double-directional model [31] offers a valuable starting point for 
this research. The model was developed using uniform linear array antennas. Another potential 
starting point is the theory of shape factors [14]. The theory suggests the use of three factors, 
namely, angular spread, angular constriction, and azimuthal direction of maximum fading for 
analysing the non-omnidirectional multipath waves in the local area. The shape factors relate the 
average rate at which the received signal fades. Therefore, the model presented in this thesis aims to 
consider spatial, delay, and angular dispersion in the analysis.  
Validation of the channel characterisation analysis is performed through a comparison with 
published data and measurements. The analysis will consider path loss, large-scale fading 
(macroscopic fading), and small-scale fading (multipath fading). The combined effect of path loss 
and fading results in signal power dropping off as the separation between the transmitter and 
receiver increases. In underground mines, mean path loss, multipath fading, delay spread, Doppler 
spread, and angular spread are the main channel effects and are described below.  
3.2 Wireless Link and Channel Characterisation Parameters 
3.2.1 Link Budget 
The link budget is a simple tool to define the acceptable performance parameters for a wireless 
communications system. Mathematically, the link budget is  
 Maximum accepta le propagation loss [d ]  redicted loss   Fade margin  (1) 
The predicted loss in (1) may be the distance-dependent path loss which is predicted through 
modelling. The appropriate fade margin is calculated based on the maximum acceptable 
propagation loss. The greater the fade margin, the greater the reliability and quality of the wireless 
link.  
3.2.2 Received Power 
In through-the-air propagation in an underground mine, the channel medium is free space. In free 
space where there is an unobstructed line-of-sight path between the transmitter and the receiver, the 
free space propagation model is applicable. Free space propagation does exist in unobstructed 
underground mine tunnels and in the working face with a raised transmitter. Thus, the power 
received in free space at the receiver separated from the transmitter by a distance, d, is [14] 
      (
  
   
)
 
     (2) 
Wireless Link and Channel Characterisation Parameters 
15 
where Pr and Pt are the transmitted and received power, respectively, λc is the wavelength, Gt and Gr 
are the power gains of the transmit and receive antenna, respectively, and d is the range separation.   
Using the distance-dependent path loss and accounting for system losses the received power in (2) 
is expressed in dB as, 
   ( )                     ( )           [  ]  (3) 
where   ( ) is the received power at distance d,    is the transmitter power,    represents the 
combined gains of the antenna at the transmitter and the power amplifier,    represents the 
combined gains of the antenna t the receiver and the low noise amplifier,         the cable losses 
and   ( ) is the path loss at distance, d.  
3.2.3 Path Loss 
The path loss is a measure of the attenuation of the propagating signal at the receiver. Moreover, it 
is the difference (in dB) between the effective transmit power and the received power. 
Consequently, free space path loss in dB is the ratio of the transmitted power to the received power, 
represented as 
     (  )         (
  
  
)         (
   
  
)         (  )         (  ) (4) 
Alternatively, from (3), the path loss is expressed as 
      (  )    (   )    (   )       (   )       (   )    (  ) (5) 
where  
       and       are the maximum gains of the transmitting and receiving antennas, 
respectively. 
    is the sum of all other losses in the system (in dB).  
The above path loss equations, (4) and (5), are commonly used for omnidirectional antennas. When 
directional antennas are used, the path loss is also dependent on the direction of the antenna. The 
directivity gains should be included in the link budget analysis.  
During measurements, the path loss is determined from the complex channel impulse response. The 
average path loss in dB for the arbitrary transmitter-receiver separation distance for each 
propagation environment can be represented as  
 
   ( )           (
 
 
∑ | (   )|    )
 
 (6) 
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where,  (   )is the measured complex frequency response,  N is the number of data points and j is 
the frequency bins. In this thesis, the 3 GHz bandwidth (1 to 4 GHz) is divided into 201 discrete 
frequencies. 
The experimental distance-dependent path loss is modelled as [14]: 
   (  )      ̅̅ ̅̅ ̅̅ ̅(  )          (
 
  
)     (7) 
where     ̅̅ ̅̅ ̅̅ ̅(  ) is the average power at the close-in reference distance,   , n is the path loss 
exponent, and   , is shadow fading effects due to the dominant propagation mechanism in the 
propagation environment. The parameter for each transmit-receive pair is evaluated using the linear 
least squares regression method. The average power can be determined from (2) or by 
measurement. The shadow factor is calculated as the standard deviation of the residual error 
between the data points and the fitted line defined by (7). 
Table 3-1 Path-loss exponent and mean RMS-delay spread for different tunnel geometries and antenna parameters 
reported by various researchers for radio paths in tunnels for polarizations; V – vertical, H- horizontal, and propagation 
environment (PE); L – LOS and N- NLOS 
Study Tunnel 
Geometry 
(m) 
Antenna 
Type 
Centre 
Freq. 
(GHz) 
Antenna 
Configure.  
Antenna 
Beamwidth 
PE Path Loss 
Exponent 
(dB) 
Mean 
RMS 
Delay 
(ns) 
Ref. 
1 5x3.5x35 
Omni-
Omni 
3.25 
HH-Center  LOS 11.3 2.6 
[6] 
VV-Center  LOS 5.1 2.4 
2a 
2.5-3x3x10 
Omni-
Omni 
6.5 
VV-Center  LOS 2.11 9.74 
[22] 
VV-Center  NLOS 3.00 21.05 
2b 
Direct-
Direct 
VV-Center 35
0
-20
0 LOS 2.01 2.09 
NLOS 6.16 8.24 
3a 4x5x7 Direct-
Direct 
58.32 
VV-Center - LOS 1.82 - 
[8] 
3b 2.5x4x7 VV-Center - LOS 1.45 - 
4 2.5x3x70 
Omni-
Omni 
2.45 
VV-Center  LOS 2.03 
6.49 [32] 
VV-Center NLOS 4.62 
5 
3x2.45-
2.7x300 
Omni-
Omni 
2.45 
HH-Center  LOS 5.21 - 
[11] 
VV-Center  LOS 6.44 - 
6 4x5x75 
MIMO-R 
6.5 VV-Center 
 LOS 1.2 - 
[7] 
NLOS 3.19 - 
MIMO-
A 
30
0
 
LOS 1.22 - 
NLOS 2.92 - 
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3.2.4 Fading 
In a vacuum, the path loss is a smooth, exponentially decreasing curve as the separation distance 
increases. However, in all free space propagation environments, the received signal is seen to 
deviate from the smooth decaying curve to a fluctuating decaying curve. Two types of signal fading 
are combined to appear as the decaying fluctuating curve. These are known as large-scale or small-
scale fading. Large-scale fading occurs over a large area between the transmitter and receiver. On 
the other hand, small-scale fading occurs within a local area where the distance is a few 
wavelengths. Understanding other antenna effects on multipath fading provides necessary 
information in the design of a compatible receiver for the antenna type. The fading distribution in 
the LOS is different from that of the NLOS. LOS fading is modelled as a Rician fading channel [4] 
and the NLOS as a Rayleigh [4] fading channel. Also, fading in the LOS is found to be normally 
distributed [8].  
3.2.5 Delay spread  
In the multipath propagation environment, the delay spread is used to determine the significant 
effect of the multipath component on system performance. The delay spread measures the 
variability of the channel from the classical model. Figure 3-1 illustrates a typical power delay 
profile (PDP) for an indoor propagation environment. 
 
Figure 3-1 Example of an indoor PDP showing the: RMS delay spread, mean excess delay, maximum excess delay 
(10dB) and threshold level. [14] 
The mean excess delay spread is the first moment of the PDP defined as [14]: 
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The mean delay spread is the mean excess delay with the time delay squared defined as [14]: 
   ̅̅ ̅  
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 (9) 
where k is the multipath component,    is the amplitude (power) of the multipath component, and 
   is the time delay for the signal component.  
The root mean square (RMS) delay spread is the square root of the second central moment of the 
PDP defined as [14]: 
    √  ̅̅ ̅  ( ̅)  (10) 
The values of  ̅,   ̅̅ ̅ , and    depend on the threshold. As shown in Figure 3-1, a threshold of -20dB 
is selected such that system noise is not included in the delay calculation; only the significant 
component is used in the calculation. The first crossing of the threshold is taken to be the first 
component with zero delay time. The mean excess delay in (8) is evaluated for all peaks above the 
threshold; however, not all components will have significant power. Thus, a peak value is selected 
to determine the spread between all significant components. As illustrated in Figure 3-1, the 
maximum excess delay spread (84 ns) is the spread between the first crossing above the selected 
peak of -10 dB and the last crossing below the peak. Other criteria also exist to select the peak 
power, such as using the resonant power, e.g., 3dB below. The RMS delay spread in (10) is the 
square root of the second moment of the power delay profile. The RMS delay spread can be used to 
analyse the fading characteristics of the channel.  
An alternative means of calculating the delay spread, as used in Chapter 4, is using the infinite 
bandwidth approximation, in which the energy of each ray arrives at a single instant in time and is 
defined as [33] 
   √
∑     
   
   
  
  
 
 (11) 
where  
   is the delay spread 
    is the time-averaged power in watts of the i
th
  path 
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    is the time of arrival for each propagation path and is given by    
  
 
. Li is the total 
geometrical path length and c is the speed of light 
   is the mean time of arrival and is given by   
∑     
  
   
  
.  
Since the Fourier transform relates to the PDP and magnitude frequency response, it is possible to 
obtain the frequency characteristics of the channel. Using the PDP, the RMS delay spread is 
determined. The frequency response of the channel is related to the coherence bandwidth through 
the RMS delay spread. Two relations exist depending on the level of frequency correlation function 
where two different frequency components will have the same amplitude. If the frequency 
correlation function is above 0.9, then the coherence bandwidth is approximately [14] 
    
 
    
 (12) 
If the frequency correlation function is above 0.5, then the coherence bandwidth is approximately 
[14]  
    
 
   
 (13) 
When the coherence bandwidth is comparable to or less than the signal bandwidth, the channel is 
frequency selective. When the coherence bandwidth is greater than the signal bandwidth, the 
channel is said to be flat fading. In a frequency-selective channel, the fading response of each 
component will vary across the frequency band as opposed to being flat fading. Thus, a more 
complex receiver is required at the receiving end to ensure that the signal is recoverable.  
3.2.6 Doppler spread  
The movement of the mobile antenna or personnel in the propagation environment will create time-
varying fading as a result of movement of transmit-receive antennas, machinery, or personnel 
between the antennas. Doppler spread and coherence time are parameters which describe the time-
varying fading characteristics of the channel.  
Doppler spread measures the spectral broadening of the received signal caused by the time rate of 
change. The time rate of change causes a shift in the frequency of the signal. Take a signal with a 
carrier frequency of, fc. The movement within the channel induces a shift in the frequency which is 
known as the Doppler shift, fd. The resultant signal ranges from fc – fd to fc + fd and is known as the 
Doppler spectrum.  Doppler spread is the range of frequency where the Doppler spectrum is non-
zero. The non-zero Doppler spectrum is the frequency shift due to the velocity of the mobile and the 
angle between the direction of travel and direction of arrival of the scattered waves. Comparing the 
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baseband signal bandwidth with the Doppler spread classifies the channel as either slow fading or 
fast fading. A higher value of Doppler spread implies that the channel variations are faster than the 
baseband signal variation, describing the channel as fast fading. A lower value of Doppler spread 
implies that the channel variation is slower than the baseband signal variation, thus the channel 
undergoes slow fading. For slow fading channel, the effects of Doppler spread are negligible at the 
receiver. A simple, coherent receiver is sufficient for signal detection. The inverse of the maximum 
Doppler shift gives the coherence time.  
The coherence time, Tc, characterises the frequency depressiveness of the channel in the time 
domain. It measures the time duration in which the channel impulse response is time invariant. 
Within the coherence time, two signals arriving at the receiver have high amplitude correlation. The 
amplitude variation is considered flat across the Doppler spread. The coherence time is related to 
the Doppler spread as [14] 
    
 
  
 
 
 
  (14) 
where fm is the maximum Doppler shift given by      ⁄  
3.2.7 Angle Spread – Space-Selective Fading 
Angle spread and delay spread are equally important with the use of smart antennas. A change in 
directivity by a smart antenna also changes the angular dispersion in the propagation environment. 
The channel model must reflect such changes. At the receiving antenna, the angle spread refers to 
the spread of AoAs while at the transmitting antenna it refers to the spread of the AoDs . Figure 3-2 
illustrates a typical angle spread between - and . 
 
Figure 3-2 Typical angle (power) spectrum [26] 
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The mean AoA is given by [26] 
  ̅  
∫    ( )  
 
  
∫   ( )  
 
  
 (15) 
Moreover, the RMS angle spread is given by  
      √
∫ (   ̅)
 
  ( )  
 
  
∫   ( )  
 
  
 (16) 
where   denotes the AoA,  
 
( ) is the average power as a function of the AoA.  
Observe in Figure 3-2 that the choice of angle spread dictates which MPC are analysed. If the angle 
spread only selects the components of lower amplitude and rejects components of higher amplitude, 
the received signal will be lower and less reflective of the actual nature of the channel. Thus, angle 
spread leads to space-selective fading and is characterised by the coherence distance, Dc. The 
coherence distance is the bandwidth when the autocorrelation coefficient of the spatial fading drops 
to 0.7. It is related to the RMS angle spread as 
    
 
    
 (17) 
Notice that the angle spread in (16) is inversely proportional to the coherence distance. Thus, the 
narrower the angle spread, the greater the coherence distance including more significant MPC. Due 
to reciprocity, either the transmitting or receiving antenna can be the reference to define RMS angle 
spread and coherence distance.  
3.3 The Pattern Reconfigurable Antenna 
The RA is a subset of smart antennas that offers distinct tuneable parameters. These parameters 
include the resonant frequency, antenna pattern, and polarisation. The RA under investigation is a 
pattern reconfigurable antenna [34]. Pattern RAs can either change the direction or pattern of the 
antenna beam. The fabricated prototype of the RA investigated in this thesis is shown in Figure 
3-3(a). The circular shaped RA is 0.1 m in diameter built on RF4 substrate with an inner ground 
disc of 0.01 m diameter. The RA is centre fed by a coaxial probe through the infinite ground plane 
in the centre of the disc as shown by the SMA connector protruding in Figure 3-3(b). The inner disc 
connects the cathode of the four PIN diodes-based RF switches through the stub network as 
illustrated in Figure 3-3(c). The anode of the PIN diode is grounded on the infinite ground plate at 
the back of the RA as shown in Figure 3-3(b). Each RF switch controls the direction of one beam as 
defined in Figure 3-3(e). The red cables in Figure 3-3(b) supply the biasing voltage to the basing 
circuit as depicted in the schematic in Figure 3-3(c). In the resting state, all four PIN diodes on the 
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RA are turned on. To select the desired operating mode, power supply to the corresponding PIN 
diode is momentarily turned off.  For example, to selected state 4 (labelled D in Figure 3-3(d)), PIN 
diode D4 (Figure 3-3(c)) is momentarily turned off. Note that the direction of the selected beam is 
on the opposite side of the PIN diode. The cross-components between all states are below -18 dB as 
shown in Figure 3-3(d). All states have a stable average gain of 5.23 dB across a 150 MHz (2.38 – 
2.53 GHz) bandwidth as shown in Figure 3-3 (f) and (g). The solid green plot in Figure 3-3 (g) 
shows the ideal case when ideal RF switch are used. The PIN diodes introduce a loss of around 0.5 
dB in the ON state.  
 
 
 
Figure 3-3 Fabricated Prototype of the RA (a) Front view, (b) Back view  (c) Schematic,  Measured radiation pattern (d) 
elevation plane, (e) azimuthal plane, (f) S11 Response and (g) Gain [34] 
-25
-20
-15
-10
-5
0
0
90
180
270
A (ϕ=0°) B (ϕ=90°) 
C (ϕ=180°) D (ϕ=270°) 
-25
-20
-15
-10
-5
0
0
90
180
270
A (θ=36°) B (θ=36°) 
C (θ=36°) D (θ=36°) 
0.1 m 
(a) (b) (c) 
(d) (e) 
(f) (g) 
The Double-Directional Wireless Channel Model 
23 
In this thesis, the 3D radiation pattern alignment of the four modes or states are spaced 90
0
 apart in 
the azimuth is illustrated in Figure 3-4. The transmitting states are labeled as TxS1, TxS2, TxS3, 
and TxS4, while the receive states are labelled as RxS1, RxS2, RxS3, and RxS4. Figure 3-4(c) 
illustrates the broadside of the RA, offset by 36
0
 from the boresight aligned with the center of the 
tunnel. The physical orientation of the transmit RA is facing into the tunnel. Thus, the main beam of 
each state aligns with the tunnel walls or ceiling. The beam alignment illustrated in Figure 3-6 
shows three rays launched from transmit state 2 and arriving at receive state 2. In this case, the 
selected transmit and receive state establishes a wireless link. 
 
Figure 3-4 RA antenna radiation pattern configuration; (a) transmit antenna (facing into the tunnel) with TxS1 (90
0
), 
TxS2 (180
0
), TxS3 (270
0
) and TxS4 (0
0
), (b) receive antenna (facing the transmit antenna) with RxS1 (270
0
), RxS2 
(180
0
), RxS3 (90
0
) and RxS4 (0
0
) and (c) side view of transmit antenna beam, deviation from boresight (=360), aligned 
with the tunnel centre. 
A reliable link is established if the received signal strength (RSS) is above a certain threshold. For a 
beam-steering RA, the RSS is a function of the transmit power, half-power beamwidth (HPWB), 
solid angle, polarisation, AoD, and AoA. An efficient and flexible channel model must capture all 
of these channel parameters as discussed in the next section.  
3.4 The Double-Directional Wireless Channel Model 
A simple and comprehensive channel model is vital to the design and evaluation of wireless 
communications systems before installation. The current simple underground mine channel model 
is incomplete. The multimode model, a waveguide-based model, characterises spatial and temporal 
properties of the channel excluding the angle properties [12]. The assumption of a point source with 
an omnidirectional radiation pattern explains the lack of angle properties in current models. 
However, the use of an RA will require new channel models to analyse the different 
reconfigurability options. This chapter discusses the development of the double-directional channel 
model for smart antennas in underground mines. 
The double-directional channel model [31] is adopted in this thesis to characterise the underground 
mine wireless channel with smart antennas. As shown in Figure 3-5, the double-directional channel 
is one more step from the single-directional channel model which only considers directionality at 
the receiving end of the link. The non-directional channel, which includes most current 
underground channel models,  is defined by  (   ). When considering the only angle of arrival at 
the receiver, the channel is defined as  (      ) wh;ich is the single-directional channel. When 
x 
y y 
z 
 
TxS1 RxS1 
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considering angle spread at both ends of the wireless link, the channel is known as the double-
directional channel and is defined as  (         ).  Considering angle properties at the 
transmitting and receiving ends of the link defines a double-directional channel model.  
 
Figure 3-5 The definition of channel model types and properties: Double-directional, single-directional, and non-
directional channel models. [31] 
3.5 The Double-Directional Ray-Tracing Channel Model 
Ray tracing offers more flexibility for antenna and channel modeling in various propagation 
environments, including underground mines. With the ability to define and trace specific rays from 
the transmitter to receiver, it provides physical insights into a deeper understanding of EM wave 
propagation in the complex environment. A three-ray double-direction ray-tracing model has been 
created as depicted in Figure 3-6. The first ray illustrates the direct path with an electrical path 
length  labled as EL0. The second path undergoes one reflection and is defined as EL1. While the 
third path illustrates a path with two reflection which is defined EL2. EL1 is a wave going from the 
transmit antenna reflecting off the floor of the tunnel and arriving at the receive antenna. The wave 
in EL2 begins from the transmit antenna toward the floor, is reflected toward the ceiling, reflects of 
the ceiling and finally arrives the receiving antenna.  The beamwidth and directivity of a pattern RA 
define the angle spread at the transmit antenna as the AoD and at the receiving antenna as AoA.  
3.5.1 System Model 
Considering the underground mine tunnel as a mobile radio channel, the small-scale variations 
within the channel can be related to the impulse response of the mobile channel. Moreover, the 
variation is the result of summing multipath components (MPCs) with varied phase, amplitude, and 
delays. The constructive and destructive interference of the MPCs describes the channel as a linear 
filter. Thus, the multipath channel can be modeled as [14] 
  ( )  ∫  ( ) ( )    ( )   ( )
 
  
 (18) 
Double-Directional 
channel 
Non-Directional Channel 
Single-Directional Channel 
 (𝑡 𝜏 𝜑𝑟) 
 (𝑡 𝜏 𝜑𝑟  𝜑𝑡) 
 (𝑡 𝜏) 
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where  ( )is the received signal,  ( ) is the transmitted signal, and  ( ) is the channel impulse 
response function of the time-varying, multipath, double-directional channel and RA effects. The 
channel impulse response is developed to capture the effect of propagation environment and the 
antenna.  
 
Figure 3-6 The X-Z view (side view) of the tunnel with a) direct ray, EL0, b) single reflection rays, EL1, and c) two 
reflections rays, EL2, of a co-polarised transmit-receive state pair. Th - tunnel height, Tl-tunnel length, Tt – transmit 
antenna, Tr – receive antenna 
3.5.2 Channel Impulse Response Function 
To fully characterise a static propagation channel with the RA, we turn to the double-directional 
channel impulse response defined as [35]: 
  (    )  ∑    
    (    ) (    ) (  )
 
    (19) 
where 
 (    ) is impulse response as a function of the time delay, AOA, and AOD 
 is excess delay for the path arriving compared to PL0,  
  is the AoA at the receiver 
 is the AoD at the transmitter,  
N is the distinct paths between the transmitter and receiver for each path, EL1, EL2 and so 
on, 
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〈 ⃗ ( )        〉 characterises the phase change as a function of the spatial location 
of the transmit and receive antennas in the tunnel,  ⃗ ( )is the unit vector in the antenna 
directivity 
    is the transmitter location,  
    is the receiver location, 
Due to reciprocity, the AoA and AoD are assumed to be connected. However, in an underground 
mine environment, with lower antenna height and using smart antennas, reciprocity is a possible 
focus for research.  
Individual waves arriving at the receiver are modelle;d as: 
  (    )     
    (    ) (       ) (       ) (       ) (       ) (20) 
where the DoAs and DoDs are defined by their  and   components. Each wave path is delayed by 
an excess delay,    and weighted by a complex amplitude defined as  
 
    [
    
          
     
   
    
          
     
] (21) 
 
The impulse response is a polarmetric matrix being defined by the number of transmit, t, and 
receive, r, states. The relative powers,         , in (21) are attributed to the propagation path loss 
(4) or estimated from (26), and small- and large-scale fading for each available operating state, 
defined as 
                 (22) 
where     is the relative power of the selected transmit-receive state pair, PLx is the propagation 
path length and   is the fading component. The exponential power,      , in (21) characterises all 
possible transmit-receive polarisation states, defining  the state-dependent polarisation coupling loss 
in (21) as  
         (       ) (23) 
 
where the operator std() is the standard deviation of transmit state vector (TSV) and receive state 
vector (RSV) defined by their  and   components for the selected transmit and receive state, with 
subscripts (ts) and (rs), respectively, as  
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     (                         )  (24) 
     (                         )  (25) 
 
For a beam steering RA, the steering vectors of the main beam for the selected state are fixed based 
on the antenna design with their  and  components as shown in Figure 3-4. The elevation is fixed 
at  =360 while the azimuth, , is varied to select the desired state. To illustrate the steering vector 
of the model, we consider two transmit states, TS1 at =0o and TS2 at =90o. The steering vectors 
are determined using (24) and (25). The steering vectors are used in (23) to determine the 
polarization coupling loss. The illustration is shown in Figure 3-7 which shows the polarisation 
vectors for transmitting states 1 and 2. Notice that the co-polarised states, transmit state 1 and 
receive state 3, show -20 dB higher RSS when compared to the cross-polarised state, receive state 1. 
For the case of transmit state 2, as shown in Figure 3-7(b), the co-polarised receiving state, RxS2, 
showed an 18 dB difference in RSS to the cross-polarised receive state, RxS4. 
 
Figure 3-7 RA State vector plots for transmit state 1 (a) and transmit state 2 (b). Receive states are identified as follows; 
RxS1 (180
0
), RxS2 (90
0
), RxS3 (0
0
), and RxS4 (270
0
) 
3.5.3 Path Length Calculation 
For directional antennas, the AoA and AoD are functions of the beamwidth and the directivity. The 
number of reflections a particular wave undergoes is dependent on the AoD, AoA and the 
separation between transmitter and receiver. Thus, from image theory, the propagation path length 
(EL) as shown in Figure 3-6 is determined as: 
 
      √(     )  (     )  (     )  (26a) 
      √(     )  (     )  (     )  (26b) 
      √(     )  (     )  (         )  (26c) 
(a) (b) 
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The subscript in ELx indicates the number of reflections and Th is the tunnel height. The centre of 
the coordinate system is at the corner of the right wall and floor of the tunnel. The boresight of the 
transmit antenna is aligned to face the receive antenna. With this alignment, the radiation pattern of 
each transmitting-receiving state pair is as shown in Figure 3-6. When considering states aligned 
with the walls, the right wall is the reference wall with the transmit antenna facing into the tunnel.  
3.5.4 Receive Power 
Assuming that the propagation environment is static, the received power is the square of the 
amplitude of the received signal. Thus, in free space, the received power with antenna patterns is 
   (  )         | (    )|
 
 (27) 
where  (    ) is defined in (19).  
3.6 Model Validation 
With the definitions in the previous section, we proceed to verify the model. The current version of 
the model is a work in progress and will be developed further after measurements.  
3.6.1 Model Parameters 
The model is set up by defining the following parameters:  
1. Operating frequency 
2. State definitions 
3. Transmitter power 
4. Antenna gains 
5. Tunnel geometry 
6. Antenna heights 
3.6.2 Modelling Workflow 
After defining the parameters, the workflow in calculating the received power based on (26) is 
shown in Figure 3-8. The verification of the model uses simulated data from Wireless InSite (WI) 
(commercial propagation software) to illustrate the use of measurement data in modelling a specific 
channel. The parameters generated from WI include the number of MPCs, their individual AoA and 
AoD, their relative gains, and the number of reflections each MPC experienced.  
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Figure 3-8 Modelling Workflow 
3.6.3 Model Deliverables 
The example used to illustrate the double-directional ray-tracing channel model for underground 
mines considers six MPCs to verify the effect of antenna position. The example in Figure 3-9 shows 
the change in transmitter position. Line plot 1a illustrates the ideal position of having the transmit 
and receive antenna face-to-face, even though propagation scenario (PS) 1a is not practical. 
Propagation scenario 5a shows the effect of changing the transmitter height. The fluctuations of the 
yellow line plot in Figure 3-9(a) show the effect of multipath fading. Line plots 1c and 1b illustrate 
the case when the antennas are at the same height but off-centre. In such positions, the effects of 
multipath are significant, as shown by the deep fades from line plots 1c and 1b in Figure 3-9(b). 
From these results, it can be seen that the optimum position is to have the transmit antenna 
positioned higher than the receive antenna, and preferably in the centre of the tunnel.  
 
Figure 3-9 Model validation example with 6 MPC xt = 0, xr = 1.2 m , zt =1.6 m, zr = 1.6 m, Th = 2.86 m and  =0.12 m 
(a) Vertical change in transmit position in the x-z plane and (b) Horizontal change in transmit antenna position in the x-
y plane 
(a) (b) 
 Double-Directional Ray-Tracing Channel Model for Underground Mines 
30 
3.7 Conclusion 
Channel modelling for underground mine propagation environments with antenna effects is 
interesting and complex. The initial steps in determining the signal coverage of a beam-steering RA, 
modelled analytically, include angle spread and polarisation at the transmitting and receiving 
antennas. The model successfully predicts the received power in a straight tunnel at an operating 
frequency of 2.45 GHz with smooth walls. However, for a high degree of surface roughness, the 
shadowing function in the path loss model (7) is sufficient to incorporate loss due to surface 
roughness. While the current model successfully predicts the received power as a function of the 
antenna placement, further improvements require the incorporation of site-measured data in 
modelling. An extension is required to include the determination of the angle spread based on the 
antenna radiation pattern. An advanced feature of the channel will also include the Doppler spread.  
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Chapter 4  
RA Simulation in Wireless InSite  
The performance of the RA in a specific applications, including communications systems for 
underground mines, is undetermined. The limited research that exists in the area of smart antennas 
for underground mine applications proposes useful designs that lack verification. This chapter 
simulates the performance of an RA in an underground mine tunnel to gain insights into the effect 
of EM wave propagation controlling factors in underground mines. The insights may be used for 
further performance investigation and formulating an RA design guideline for underground mines. 
The results will also confirm the need for empirical studies. Wireless InSite (WI) was chosen as the 
EM simulation for this task.  
This chapter begins with the synthesis of the RA and the channel model in WI. The improper 
alignment of a user-defined antenna will cause an error in synthesising the antenna and channel, 
thus invalidating the results. The next section presents the relevant analytical models used in WI to 
generate the simulation data. This is followed by a discussion of the effects of antenna placement as 
one of the controlling factors in the performance of wireless systems in underground mines. The 
performance of RAs in an underground mine is simulated next, and, finally, the chapter concludes 
with a summary of insights gained from the simulation.  
4.1 Channel Model and RA Synthesis 
4.1.1 Channel Model 
Various channel models of EM wave propagation in underground mines exist. Despite their varying 
ability to successfully represent the behavior of the EM wave, they lack the capacity to characterise 
specific antenna parameters with channel effects. The simple measurement-based channel model 
discussed in Chapter 3 relies on comprehensive primary data. The collection of field data is time-
consuming, and access to specific sites is limited. Therefore, the WI was acquired to help generate 
site-specific data as input for the modelling process. The ease of simulating the specific 
environment in WI makes it an attractive package to use.  
WI offers the unique and simple culvert feature to simulate a tunnel environment. The culvert 
feature allows one to specify the tunnel as a culvert with four sides, however, it has three key 
limitations. Firstly, assigning face material to the culvert is difficult. As a culvert, the material 
properties of all four sides are assumed to be same. Thus, it is not possible to simulate mixed-faced  
tunnel properties. Secondly, the culvert feature is limited to one curve in a straight tunnel segment. 
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Thus, it is difficult to simulate common mine gallery features, such multiple bends, tilted walls, and 
shafts. Finally, the culvert only offers a straight, single-tunnel profile, so it is not possible to 
simulate the vertical or side shaft.  Therefore, the floor plan feature is used to model the tunnels in 
this chapter.  
WI also provides the opportunity to synthesise the antenna and channel models. This useful feature 
for incorporating custom-designed antennas from various antenna design software enables the 
synthesis of user-defined antennas in the underground mine channel model. The synthesis of the 
concept RA in the channel model is discussed next.  
4.1.2 RA Modelling 
WI v 3.0.0 allows simulation of analytical and user-defined antennas, including MIMO systems. 
The simulation of analytical antennas in WI is similar to incorporating fixed antennas in 
underground mines. The user-defined antenna is created by interpreting the 2D or 3D radiation 
pattern data from the high-frequency structure simulator (HFSS). The 3D radiation pattern was 
normalised by subtracting the lowest gain then loaded into WI. A visual comparison of the 
simulated and interpreted 3D radiation beam is shown in Figure 4-1.  Apart from the different 
alignment of their coordinate systems, they appear to be identical.   
 
 Figure 4-1 RA modelling a) beam pattern from HFSS b) interpreted beam pattern in Wireless InSite 
The RA has four symmetrical states separated by 90

 in the azimuth plane. Therefore, radiation 
pattern data from one state was used to define the other three states. For a free-standing antenna in 
WI, the other four states are defined by specifying the antenna orientation in the x, y, and z axes in 
two steps. First, the antenna coordinate system was aligned with the channel coordinate system in 
WI. The boresight of the antenna was aligned with the z-axis, as shown in Figure 4-1, while the 
direction of propagation in the channel was aligned with the x-axis. Next, the beam was rotated to 
simulate the other states as shown in Table 4-1. The transmitting and receiving antennas were 
vertically aligned and facing each other. The alignment of the antenna coordinate system with the 
WI coordinate system is illustrated in Figure 4-3. The coordinate system shown in Figure 4-3 is that 
(a) (b) 
x 
y 
z 
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of the channel defined by WI. Following installation of the antenna, propagation scenarios were 
defined as study areas with the appropriate propagation settings and desired results. 
Table 4-1 RA vertical alignment configuration 
 Transmit RA   Receive RA 
 TxS1 TxS2 TxS3 TxS4   RxS1 RxS2 RxS3 RxS4 
X 0 90 180 -90  X 0 90 0 -90 
Y 90 0 -90 0  Y 90 0 -90 0 
z 0 90 0 -90  Z 180 -90 0 90 
 
Figure 4-2 RA antenna and channel alignment; (a) transmit antenna (facing into the tunnel), (b) receive antenna (facing 
the transmit antenna), and (c) transmit antenna beam, fixed elevation angle (=360), aligned with the tunnel centre. 
4.2  Investigating RA Placement in an Emulated Tunnel 
Antenna placement is one important factor that controls the performance of wireless systems in an 
underground mine. While it would be beneficial to perform this experiment in an underground 
mine, it is not practical due to time and access limitations. Therefore, a walkway was selected to 
emulate the tunnel environment. The data collected would provide the expected relationship 
between various antenna installation positions available in underground mine tunnels. 
4.2.1 Experiment Site 
The tunnel-like structure is a walkway in building 61 on the St Lucia campus of the University of 
Queensland. The walkway‟s dimensions are 2.25 m by 2.86 m by 12 m (w x h x l) and it features 
brick walls, a smooth cement ceiling, and a rough cement floor. Table 4-2 contains the material and 
electrical properties of the emulated tunnel. The thickness of the materials is measured from the test 
environment while values of the electrical properties are as defined in the software.   
Table 4-2 Physical and electrical properties of the rough emulated tunnel 
Parameters Value 
Height (m) 2.86 
Width (m) 2.25 
Distance (m) 10 
 Walls: Brick Ceiling: Cement 
y 
z z 
x 
 
TS1 RS1 
TS4 RS4 
TS3 RS3 
TS2 RS2 
(a) (b) (c) 
y 
z 
TS3 
TS2 
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Thickness (m) 0.125 0.30 
Permittivity (F/m) 4.44 4.50 
Conductivity (S/m) 0.001 0.15 
4.2.2 Experiment Setup 
In WI, the RA is vertically oriented with the boresight parallel to the tunnel length as shown in 
Figure 4-3(a). Rotating one radiation pattern according to Table 4-1 for both the transmitting and 
receiving antenna simulates the physical implementation of the RA in WI. This physical 
configuration of the states defines the polarisation alignment because the RA is linearly polarised. 
Consequently, transmit states 1 and 3, being perpendicular to the left and right wall, respectively, 
are horizontally polarised. Similarly, transmit states 2 and 4, being perpendicular to the ceiling and 
floor, respectively, are vertically polarised. Thus, of the 16 possible transmit-receive states, states 1-
3, 3-1, 2-2 and 4-4 are considered co-polarised states with matching polarisation. The other 12 
transmit-receive state pairs are crossed-polarised. As illustrated in Figure 4-3, co-polarised states 
provide higher RSS compared to that of cross-polarised states if the channel response is fixed. As 
this is not the case, the selection of co-polarised states will not guarantee a reliable wireless link.  
The optimum operating signal depends on the spatial properties of the transmitting and receiving 
RAs in the propagation area. For this reason, a propagation scenario (PS) as a function of 
transmitting and receiving cross-sectional antenna positions is defined and illustrated in Figure 
4-3(b). For example, when the transmit antenna is at position 1 and the receiver is at a position a, 
PS 1a is defined. The coordinates of the transmit antenna positioned at the height of 1.6 m are 
labelled 1 [middle (0, 1.125, 1.6)], 2 [right (0, 0.6, 1.6)] and 3 [left (0, 1.65, 1.6)] respectively in 
Figure 4-3(b). At the height of 2.1 m, the transmit antenna positions are labelled 4 [middle (0, 
1.125, 2.1)], 5 [right (0, 0.6, 2.1), and 6 [left (0, 1.65, 2.1)]. The receive antenna position is labelled 
alphabetically, as shown in Figure 4-3(b). The receiver positions are central (a) and adjacent to the 
side walls, right, (b) and left (c), at the height of 1.6 m. All defined PSs are shown in Table 4-3. The 
transmitting antenna is fixed while the receiving antenna is moved at 0.12 m intervals away from 
the transmitting antenna.  
To quantify gains of the RA in current installation practices, a half-wave dipole and directional 
antennas with vertical and horizontal polarisation are included in the simulation for comparison.  
The directional antenna is defined with a similar antenna pattern to that of the RA with different 
shape and directivity. 
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Figure 4-3 a) Tunnel simulation in Wireless InSite Pro, S1, S2, S3, and S4 are RA antenna transmit states alignment & 
b) Measurements points for the receiver; a- middle, b – right & c - left and transmitter at height; 1.6m - 1, 2, 3. 
Table 4-3 Emulated tunnel simulation propagation scenarios. Antenna position is defined by height (z-axis) and by the 
labels M – middle, R – right, and L- left (y-axis). 
Tx 
Height 
Tx 
Positions 
Rx Positions at the height of 1.6 m 
a (M) b (R) c (L) 
1
.6
 m
 
1 (M) 1a 1b 1c 
2 (R) 2a 2b 2c 
3 (L) 3a 3b 3c 
2
.1
 m
 
4 (M) 4a 4b 4c 
5 (R) 5a 5b 5c 
6 (L) 6c 6b 6c 
 
4.2.3 Results 
4.2.3.1 The Ideal Antenna Position: 1a 
The effect of the RA in the channel as a function of the antenna position is better visualised by the 
power distribution within the channel for each transmit-receive state for all PS. The power 
distribution in PS 1a for the fixed antenna and the RA is shown in Figure 4-4 and Figure 4-5, 
respectively. PS 1a is the ideal case where the transmitting and receiving antenna are aligned, facing 
each other in the middle of the tunnel and establishing point-to-point links.  
 
Middle Right 
(a) (b) 
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Figure 4-4 Omnidirectional and directional antenna received power distribution in PS 1a, antenna height at 1.6 m of the 
horizontal plane (brown borders are the tunnel walls). 
 
Figure 4-5 RA received power distribution in 1a, antenna height at 1.6 m of the horizontal plane (brown borders are the 
tunnel walls). 
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Two key channel impairments are visible in Figure 4-4. The first is the effect of tunnel dimension 
on wave polarisation. The slight difference in the width-to-height ratio reduced the signal strength 
by 15 – 20 dBm when there is a polarisation mismatch of 900. The horizontal omnidirectional 
receiving antenna is only effective when the transmitting antenna is also a horizontally polarised 
omnidirectional. The vertical omnidirectional receiving antenna is most effective for receiving 
vertically polarised signals. The directional antenna is effective is recevieng signals irrespective of 
the polarisation of the transmitting omnidirectional polarisation. The observed result confirms the 
relationship between the tunnel geometry and wave polarisation as reported in literature such as [6, 
11].  
A second issue is multipath fading in the propagation environment. Deep fades in a multipath 
channel are the vectorial sum of out-of-phase multipath components. Deep fades appear in Figure 
4-4 and Figure 4-5 as light green shades indicating signal power less than -70 dBm for all instances 
where the transmitting antenna is an omnidirectional antenna. On the contrary, multipath effects are 
less evident when directional transmitting antennas are used. However, the signal coverage area is 
also reduced. In a confined environment with a small difference in antenna heights, the reduced 
coverage limits the application of directional antennas to only point-to-point linking in underground 
mines [36]. In the near-field region, omnidirectional antennas are more effective. Both antenna 
types are co-located in most underground mine applications. This results in higher installation cost 
and reduced system reliability due to multiple failure points [36]. Figure 4-4 illustrates the case 
when the mobile unit moves within the coverage area at the same height as the transmitting antenna. 
When the antenna height differs, additional signal power loss is expected due to insertion loss. In 
this thesis, insertion loss is defined as the coupling loss due to the polarization mismatch or antenna 
placement [4].  
4.2.3.2 The Best Transmitter Position: 4a 
The received power distribution in the case of differing antenna height is shown in Figure 4-6 and 
Figure 4-7 for the fixed antenna and the RA, respectively. Interestingly, power distribution in the 
tunnel is improved. However, multipath fading is significant for the cross-polarised omnidirectional 
antennas, and the coverage area is also reduced. When directional antennas are used at both ends, 
the effects of tunnel dimension on polarisation is less significant. When combining the use of 
omnidirectional and directional antennas, it has been observed that the vertically polarised dipole 
offers better performance than a horizontally polarised omnidirectional antenna, irrespective of the 
directional antenna‟s polarisation. 
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Figure 4-6 Omni directional and directional antenna received power distribution in PS 4a, transmitting at 2.1 m & 
receiving at 1.6 m of the horizontal plane (brown borders are the tunnel walls). 
 
Figure 4-7  RA received power distribution in PS 4a, transmitting at 2.1 m and receiving at 1.6 m of the horizontal plane 
(brown borders are the tunnel walls). 
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4.2.3.3 Different cross-sectional position: 2a and 3a 
In addition to placing the transmit antenna under the ceiling, mounting the transmit antenna on the 
tunnel walls is usual practice. Therefore, in PS 2a, the transmitting is antenna is positioned closer to 
the right wall, and in PS 3a, closer to the left wall. The power distribution in PS 2a and PS 3a is 
shown in Figure 4-8 and Figure 4-9, respectively. Similar to the changing the antenna heights, the 
optimum receive state is a function of the receiver position. For example, when in PS 2a with the 
mobile unit closer to the right wall (bottom brown wall), the optimum operating states are 
TxS2RxS2/3/4, TxS3RxS2/3/4, and TxS4RxS2/3/4. At the middle of the tunnel, the optimum 
operating states available are TxS1RxS1/3/4, TxS2RxS1/2/4, and TxS4RxS1/3/4. When the 
transmitting antenna is placed closer to the left tunnel wall, the optimum operating states are the 
same as when it is in the middle of the tunnel. A similar pattern is observed in PS 3a as shown in 
Figure 4-9.    
 
Figure 4-8 Received power distribution in 2a, antenna heights at 1.6 m of the horizontal plane (brown borders are the 
tunnel walls). 
4.2.3.4 Different Height and Cross-sectional Position: 5a 
In PS 5a, the transmitting antenna is at a different height and off-centre with respect to the tunnel 
centre. Observe from comparing Figure 4-10 and Figure 4-8, that the change of height reduces the 
signal strength, which thus changes the optimum operating states if state decisions are based on 
received signal strengths (RSS) alone with no reconfigurability. However, with reconfigurability, 
 TxS1RxS1 TxS2RxS1 TxS3RxS1 TxS4RxS1 
 TxS1RxS2 TxS2RxS2 TxS3RxS2 TxS4RxS2 
 TxS1RxS3 TxS2RxS3 TxS3RxS3 TxS4RxS3 
 TxS1RxS4 TxS2RxS4 TxS3RxS4 TxS4RxS4 
-44.1 -65.6 -84.4 -24.0 
 RA Simulation in Wireless InSite 
40 
the RA can detect the change, evaluate all transmit-receive states, and select the new optimum 
operating state to maintain link reliability.  
 
Figure 4-9 Received power distribution in 3a, antenna heights at 1.6 m of the horizontal plane (brown borders are the 
tunnel walls). 
 
Figure 4-10 Received power distribution in 5a, transmitting at 2.1 m and receiving at 1.6 m of the horizontal plane 
(brown borders are the tunnel walls). 
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4.2.3.5 Link Reliability Comparison between RA and Fixed Antennas 
Based on the power distribution shown above, it would be interesting to determine the performance 
of the RA in comparison with the reference antennas for each scenario in analysing the 
effectiveness of the RA in managing the wireless link in the highly reflective environment. To this 
effect, the link outage probability in each scenario is determined against current acceptable Wi-Fi 
standards in the indoor industrial environment. Link outage probability is defined at the probability 
of the RSS of a wireless link to fall below the acceptable Wi-Fi recommended RSS of -70 dBm. 
The cumulative distribution function (CDF) for each transmit link for PS 1a, 2a and 4a is plotted in 
Figure 4-11, Figure 4-12, and Figure 4-13, respectively.  
 
Figure 4-11 CDF of received signal strength in PS 1a (Dip – Dipole, Dir – Directional antenna, H – Horizontal 
polarisation V – vertical polarisation) 
 
Figure 4-12 CDF of received signal strength in PS 2a (Dip – Dipole, Dir – Directional antenna, H – Horizontal 
polarisation V – vertical polarisation) 
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Figure 4-13 CDF of received signal strength in PS 4a (Dip – Dipole, Dir – Directional antenna, H – Horizontal 
polarisation V – vertical polarisation) 
4.2.4 Discussion 
In the ideal propagation scenario, PS 1a, where the transmitter and receiver are in the line-of-sight 
the effects of tunnel dimension and polarisation are significant for the RA and the directional 
antenna as shown in Figure 4-4 and Figure 4-5. This is true if the RA is operating with a predefined 
transmit-receive state pair on installation. However, with reconfigurability, the RA can offer a 
comparable performance by selecting an optimum transmit-receive state pair with the best RSS. As 
the propagation environment changes, the RA can recalculate a new optimum transmit-receive state. 
Consequently, the RA provides a coverage area similar to that of the dipole. However, the ideal 
propagation is not always practical in underground mines and other antenna positions need to be 
investigated.   
Placing the RA below the ceiling offers reduced static optimum operating states as shown in Figure 
4-7. The RSS of the available optimum receive state is equal in strength to those in PS 1a. As 
discussed above, the RA can always select the optimum transmit-receive optimum from the 
available transmit-receive state pair as a function of its position within the tunnel. Furthermore, the 
antenna heights are not always the same.  
In PS 5a, we consider the case when the transmit heights are different, and the transmit antenna is 
positioned on the side wall. Despite the drop in RSS, an optimum transmit-receive state is always 
available. Thus, the degree of availability of optimum operating states for each propagation scenario 
would provide more information a out the RA‟s effectiveness in maintaining a relia le wireless 
link. This is achieved by considering the link outage probability.  
Considering the CDF of the signal strength plotted in Figure 4-11, Figure 4-12, and Figure 4-13, the 
probability of the RSS falling below the target of -70 dBm in PS 1a, 2a, and 4a is determined. Table 
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4-4 shows the links that will experience an outage as a function of the antenna‟s spatial properties. 
At very low probability, the antenna insertion loss is so high that transmit and receive antennas can 
only be of the same time. On the other hand, it can be seen that when transmitting with the RA in 
TxS1 and TxS3 for 50% of the time in all three PSs, the disrupted links are those of the fixed 
receiving antennas. On the other hand, when transmitting from fixed directional antennas, RxS1 and 
RxS3 have 50% probability of being disrupted. Interestingly, in PS 4a there is less probability of 
link outages for 50% of the time, which suggests that mounting the transmit antenna below the 
ceiling is the most optimum position for both fixed antennas and RAs. However, it is also 
challenging because service cables may be able to be anchored to the ceiling. The close proximity 
of metal infrastructures have been shown to affect the radiation pattern [21]. The link outage 
probability data in Table 4-4 suggests that using an RA at the transmitter and receiver offers more 
flexibility in system implementation. The flexibility of placing the transmit antenna in the 
propagation environment and maintain a high probability of link availability in a straight tunnel is 
promising.  
Table 4-4 Link outage based on the probability of 0.1, 0.3 and 0.5 of RSS. Receive links are identified by number as 
shown in the key. 
 CDF=0.1 CDF=0.3 CDF = 0.5 
PS 1a 2a 4a 1a 2a 4a 1a 2a 4a 
TxS1 5,6,7,8 5,6,7,8 5,6,7,8 5,7,8 5,7,8 5,7,8 5,7,8  7,8 
TxS2 5,7,8 5,7,8 5,6,7,8 5,7,8 7,8     
TxS3 5,6,7,8 5,6,7,8 5,6,7,8 5,7,8 5,7,8 4,7,8 5,7,8 5,7,8  
TxS4 5,7,8 5,7,8 5,6,7,8 7,8 5,7,8     
TxDipV 1,2,3,4,
6 
1,2.3,4,
6 
1,2,3,4,
6,7,8 
1,3,6 1,3,5 4,5 
1,3,6 3,6  
TxDipH 5,7,8 3,5,7,8 1,2.3,4,
6,7,8 
5,7,8 5,7,8 4 
5,7,8 5,7,8 1 
TxDirV 1,2,3,4,
5,6,7,8 
1,2,3,4,
5,6,7,8 
1,2,3,4,
6,7,8 
1,3,6 5,7,8  
1,3,6 3,6  
TxDirH 1,2,3,4,
5,6,7,8 
1,2,3,4,
5,6,7,8 
1,2,3,4,
6,7,8 
1,3,4,6 5,7,8  
1,3,6 3,6  
 
Key: Link numbers identification 
- 1 to 4 refers to RA states RxS1, RxS2, RxS4, and RxS4, respectively 
- 5 and 6 refer to RxDipV and RxDipH, respectively 
- 7 and 8 refer to RxDirV and RxDirH, respectively 
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4.2.5 Summary 
In summary, this is the order in which comparisons of the effect of antenna placement for the 
different antenna types took place in the simulation: 
- Placing the transmit antenna below the ceiling is more favorable for the RA 
- Fixed dipole antenna placed below the ceiling is controlled by the antenna polarisation. 
Thus, cross-polarised antennas have a high probability of outage. 
- Fixed directional antennas offer better coverage range but a limited coverage area by the 
directivity when installing below the ceiling. Thus, the installation of multiple directional 
antennas in a specific direction is needed to provide a wider coverage area.  
- Antenna insertion loss can be avoided by matching the antenna polarisation and type. This 
will extend the coverage range with no additional power because of the wave guiding effect 
of the underground mine tunnel.  
- Transmitting dipole antennas placed on the walls are controlled by the tunnel dimension and 
antenna polarisation. The optimum operating signal (OOS) of the receiving antenna depends 
on polarisation and position.  
- The transmitting directional antenna placed on the walls showed high antenna loss. 
4.3 Investigating RA in an Underground Mine Tunnel: Level 116, 
UQEM 
Besides antenna position, the performance of the RA is another function of tunnel dimension. In 
this section, the impact of tunnel dimension on the wireless link in underground mines is 
investigated [36]. The RA was evaluated in the LOS and NLOS environment with changing tunnel 
geometry.  
4.3.1 Experiment Site 
The University of Queensland Experimental Mine (UQEM) is an open pit and underground mine 
with several underground levels as shown in Figure 4-14. The chosen level, Level 116 (116‟ Audit), 
is located 35 m below the surface and stretches over 62 m. The tunnel has a mean width of 1.2 m 
and a mean height of 1.4 m in the unpadded sections of the gallery. The unpadded section consists 
of rough walls, and an arching ceiling. The floor is relatively flat with ceramic covers over the old 
mine tracks. The padded section contains hardwood for supporting the wall and roof. The gallery 
was dry but dusty.  
Level 116 offers two propagation environments with varying tunnel geometry as shown in Figure 
4-14. The LOS environment is the straight tunnel with an experimental shaft branching out. The 
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width of the junction is about 1.6 m. The second propagation environment is the NLOS created by a 
bend in the tunnel towards the end of level 116. The insert in Figure 4-14 shows the measurement 
points within the propagation environments.  
 
 
Figure 4-14 UQEM underground gallery map with propagation environment: LOS (red) through the branch and NLOS 
(green) around the bend 
4.3.2 Experiment Setup 
The two-propagation environment was recreated in WI as shown in Figure 4-15. The green material 
is the Bunya Phyllite which encloses the tunnel. The NLOS section is padded with hardwood as 
represented by the brown-coloured material. The branch in the tunnel is reinforced with galvanised 
welded mesh wires and corrugated sheet metal as illustrated by the grey-coloured material.  After 
defining the geometrical and material properties of the tunnel, the antenna is inserted into the 
propagation environment.  
The radiation patterns of the receiving RA is shown in Figure 4-15 with the antenna coordinate 
system. As shown, the z-axis (blue) is aligned with the tunnel axial distance which is the x-axis (not 
shown) as defined by WI. In each of the propagation environments, the measurement points were 
spaced 0.12 m apart, which is one wavelength with the centre frequency of 2.45 GHz. Study areas 
were defined next specifying received power, path loss, delay spread, time of arrival, and complex 
impulse response as outputs. However, in the next section, only path loss and delay spread data are 
presented.  
E: Entrance to level 116 
Line-of-sight 
EL: End of level 116 
Non-line-of-sight 
 RA Simulation in Wireless InSite 
46 
 
Figure 4-15 UQEM Simulation setup in WI. The green material is hard rock; the grey material is metal, and the brown 
material is hardwood. Receiving antenna positions along the centre of the tunnel in LOS and NLOS are shown.  
4.3.3 Results 
The results are presented as cumulative distribution function (CDF) plots. The CDF graphically 
shows the link outages probability and the expected time dispersion characteristics of the channel.   
4.3.3.1 Line-of-Sight Propagation (LOS) 
The CDF of path loss in LOS is plotted in Figure 4-16. When transmitting with the RA, all receive 
antennas offer path loss lower than 70 dB with 0.6 probability for transmitting states 1 and 3. 
However, for transmitting states 2 and 4, the probability is 0.8. When transmitting with either the 
fixed dipole or directional antenna, the receiving RA shows greater performance improvement (of 
10 dB) with a horizontally polarised antenna than with a vertically polarised antenna. On the 
contrary, the fixed receiving antenna shows a path loss difference of 20 dB and 10 dB for cross-
polarised and co-polarised antennas, respectively. These results show a relation between the tunnel 
geometry and wave polarisation with propagating signal attenuation. The results suggest that the 
RA offers better performance in signal attenuation due to changing tunnel dimension and wave 
depolarisation in the LOS region in an underground tunnel. While path loss quantifies the distance-
power relation in signal attenuation, multipath effects will be captured in the time dispersion nature 
of the channel.  
 
Figure 4-16 CDF of path loss in LOS 
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The CDF of the delay spread in the LOS is shown in Figure 4-17. Transmitting with the RA, all 
receiving antennas experience spread of about 2 ns with a 0.8 probability. However, there are some 
multipath components arriving with delays of up to 18 ns. This is observed for transmitting states 2 
and 4 which are perpendicular to the tunnel walls. When transmitting with a fixed antenna, the co-
polarised directional receiving antenna shows better performance in time delay with the spread of 2 
ns with a probability of 1. The cross-polarised directional and dipole antennas are shown to have a 
higher delay spread than that of the optimum RA receiving state. The difference is so small that it 
may make no significant difference. All antennas are moved into NLOS region for characterisation, 
and the results are presented in the next section.  
                                                                  
Figure 4-17 CDF of delay spread in LOS 
4.3.3.2 Non-Line-of-Sight Propagation (NLOS) 
The changing tunnel width as the tunnel bends should show some interesting results in this 
propagation environment. Figure 4-18 and Figure 4-19 show the CDF of path loss and delay spread 
in the NLOS environment, respectively. The measure of the steepness of the slope, taken between 
the 10% and 90% CDF values, shows the improvement in path loss. Comparing Figure 4-16 and 
Figure 4-18, the RA receive states shows improvement of about 20 dB when transmitting from 
TxS2, and receiving from receive states, RxS1/RxS2/RxS4. Whereas in the LOS region the slope 
varies between 25 dB to 30 dB. When transmitting with the fixed antenna, the RA offers 
comparable performance to that of the co-polarised fixed antenna.  
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Figure 4-18 CDF of path loss in the NLOS 
The time dispersion of NLOS is comparable to LOS when comparing Figure 4-19 with Figure 4-17. 
When transmitting with the RA, the dipoles appear to offer better responses with a lower time delay 
spread. Interestingly, when transmitting with the directional antennas, the RA offers a better 
response with lower time delay spread. However, RxS3 offers the lowest delay time with a 0.5 
probability, irrespective of the transmit antenna type. Furthermore, RxS3 has the lowest probability 
of achieving higher path loss. The less distinction between the time dispersion characterisation may 
be attributed to the material properties defined in the simulator.  
 
Figure 4-19 CDF of delay spread in the NLOS 
4.3.4 Discussion 
In the LOS propagation, the directivity of the directional antenna is controlled by the tunnel 
geometry which affects the received signal strength. As seen in Figure 4-12, irrespective of the 
transmit antenna, the RA offers a consistent receive signal. However, the fixed directional antenna 
is only efficient when the polarisation is matched. In the NLOS propagation, the receiving RA‟s 
performance is consistent. On the other hand, the RSS of the fixed antenna is degraded by 10 dB for 
Conclusion 
49 
the vertically polarised antenna and improved by 5 dB for the horizontally polarised antennas. This 
phenomenon is the effect of signal depolarisation due to the changing tunnel dimension as the 
propagation signal travels around the bend [10]. 
4.3.5 Summary 
This section evaluated the RA in an underground mine by simulation. The two propagation 
environments were defined and recreated in WI. While path loss characterisation showed 
reasonable results, the time dispersion characteristics showed contradicting results. This may have 
been caused by the simplified channel simulation parameters.  
4.4 Conclusion  
With reconfigurability, antenna placement is not fully bounded by the tunnel geometry in wireless 
systems in underground mines. A means to offer polarisation diversity will complement the pattern 
reconfigurability which improves wireless links in the tunnel with multiple bends and corners. The 
simulation results show that experimental verification is necessary.  
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Chapter 5  
Measurements of the RA in an 
Underground Mine Tunnel 
5.1 Introduction 
From the anticipated results generated from simulations in Chapter 4, three measurements were 
conducted to evaluate the performance of the RA in underground mines. First, the performance of 
the RA in a highly reflective environment was investigated. Secondly, the RA was characterised in 
a moderately reflective environment of a larger dimension. Finally, measurements were conducted 
at level 116 of the UQEM. Prior to the measurement campaigns, the measurement system were 
designed and tested as discussed in the next section.  
5.2 Measurement System: Channel Sounder 
5.2.1 Components 
The components of this measurement system include the prototype planar RA, the switch controller, 
the transmitter and receiver, the cables, the power amplifier (PA), the low noise amplifier (LNA), 
the portable power supply, and the portable vector network analyser (VNA).  A block diagram of 
the measurement system showing all of the components is shown in Figure 5-1. The RA is the 
circular block with four symmetrical sections.  
 
Figure 5-1 Block diagram of the measurement setup 
The circular planar RA antenna system offers four distinct states [34] using a PIN diode as the RF 
switch (see Figure 5-2). The desired stated is selected by applying 2 volts to a switch to activate its 
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corresponding state. In a laboratory, a variable benchtop power supply is readily available, and 
manual switching of the state will suffice.  However, field measurements require the system to be 
automated, self-powered, compact, and portable.  
 
 
Figure 5-2 RA (a) Schematic of the RA & (b) Prototype of the RA  [34] with size in diameter 
The assembled RA with all of its system components is shown in Figure 5-3. The plywood holder 
provides a base for mounting accessories on the top and mounting antennas on the tripods. Dry cell 
batteries were used to power the PIN diodes in the RF switch. A 1 kΩ current limiting resistor was 
connected in series with each of the PIN diodes for protection from high currents. Once the RF 
switch power supply was designed, the switching function required attention. Each RA‟s transmit 
and receive state needs activation at every measurement point. Thus, a total of 16 transmit-receive 
pair measurements is required to complete one cycle of RA excitation. Automated electronic 
switching is ideal and more efficient in underground mines. A cost effective and simple Raspberry 
Pi with relay faces was used. Each relay face is equipped with four terminals that supply the driving 
voltage to each of the four PIN diodes. The Raspberry Pi requires 5V DC with at least 2 amps of 
current to power the PiFace cards and amplifiers. Portable USB power packs with an operating time 
of eight hours at 2 amps were used. The auxiliary power port on the Raspberry Pi provided 5V for 
the PA and LNA. A summary of the system components specifications is listed in Table 5-1. 
 
Figure 5-3 The assembled controller; front view and side view 
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Table 5-1 Measurement system component properties 
Component Details 
RA  Centre feed, beam steerable, planar with PIN diode RF switch 
with SMA connector 
Power Amplifier Mini Circuit, ZX90-V81+, 10dB, 20 to 6000 MHz, 5v 
Low Noise Amplifier Mini Circuit, ZX-60-83LN+, 20dB, 500-8000MHz, 5v 
Vector Network Analyser N9916A FieldFox Handheld Microwave Analyser, 14GHz 
Switch Controller Raspberry Pi 3 with PiFace Relay Module 
USB Power Pack COMSOL 6600mAh, dual port offering 1.2A and 2A at 5v 
Dry Cell Power Pack 2 x AA dry cell batteries 
USB Ethernet Adapter Microsoft Surface Ethernet Adapter, USB 3.0, 1Gbps 
 
5.2.2 The Controller 
The controller performs several functions in this measurement system. Its primary role is to select 
the operating state pair as outlined in Figure 5-4, but it also configures the VNA for measurement 
and stores the results. Thus, one controller is designated as the server and the other as the client. 
After power-on, the client connects to the server and VNA via the Ethernet cables as shown in 
Figure 5-1. The communication link between the server and client is established through TCP/IP 
socket programming via the built-in Ethernet port on the Raspberry Pi. As shown in Figure 5-1, a 
second Ethernet cable connects the client controller to the VNA through a USB-to-Ethernet adapter. 
This link is used to configure the VNA and store the measured data. Once the network connection is 
established and the VNA is configured, the system is ready for channel measurement. Measurement 
begins when the start bit is pressed. The client selects the state and informs the server of that current 
state. When the desired state is selected, the client controller informs the VNA to record an S21 
parameter and stores the measured data on the client controller‟s memory card.  
Data is collected and stored in a sequence, from states 1 to 4. The flowchart in Figure 5-4 illustrates 
the process. When the start button is pressed on the client, a state 1 code is sent to the server. When 
the server is in state 1, the client advances through states 1 to 4 and stores the channel response after 
each state. Then the server advaces to state 2 and the client repeats the its activation sequence. The 
process repeats until the server cycles through its four remote states.  Since there are four states at 
each end of the channel, a total of 16 channel excitation data is recorded in a single measurement. 
After test and verification, the channel sounder is used in the experiment setup discussed in the next 
three sections.   
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(a) (b) 
Figure 5-4 Controller processor flowchart (a) Server process (b) Client process 
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5.3 Investigating Multipath Effects with RA in a Highly Reflective 
Confined Channel 
A simple experiment was set up to verify the operation of the RA and validate the synthesis of the 
antenna channel model. The experiment was primarily conducted to confirm the predicted operation 
of the RA modelled in Chapter 3 in a highly reflective environment. Furthermore, small-scale 
fading was observed due to the constructive and destructive interference of the multiple signal 
paths. 
5.3.1 Measurement Setup 
A steel bookshelf was selected as the highly reflective propagation environment. As shown Figure 
5-5, the RAs were placed on one shelf with the following dimensions. The physical and electrical 
properties of the propagation environment is listed in Table 5-2. The maximum separation distance 
is 0.3 m with twenty measurement points spaced λ/8 apart. Because of the small separation distance 
no amplification is required and the transmit power was set to 0 dBm. To eliminate the effects of 
cable loss in the measurements, the QuickCal function in the VNA was used to caliberate the VNA 
with only the measurement cables connected. The reference point for this measurement is from the 
end of the cables. Thus measurement results includes the antenna loss  of 1 dB [34] due to PIN 
diodes in the RF switch and connector loss. A plot of the RSS showing the power-distance 
relationship within the local area [14] is shown in Figure 5-6. 
 
Figure 5-5  Verifying the operation of the pattern RA in the cabinet. No amplifiers are used. 
Table 5-2 Physical and electrical properties of the smooth emulated tunnel 
Parameters Settings 
Height (m) 0.28 
Width (m) 0.267 
Distance (m) 0.30 
Wall Steel 
Thickness (m) 0.002 
Permittivity (F/m) 15 
Conductivity (S/m)  
Wavelength (m) 0.12 
 
0.885 m 
0
.2
8
 m
 
0.3m 
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5.3.2 Results 
As shown in Figure 5-6, the RSS plot resembled the double-directional ray-tracing model output 
developed in Chapter 3 as illustrated in Figure 3-7. The physical arrangement of the antenna 
structure defines co-planar and cross-planar states. As shown in Figure 4-3, beams radiating from 
the side of the antenna are the horizontally polarised states, while beams radiating from the top or 
end of the antenna are the vertically polarised states. Thus, states 1 and 3 are horizontally aligned, 
while states 2 and 4 are vertically aligned with respect to the tunnel dimension.  
The RSS plot in Figure 5-6 is the received complex power at the antenna operation frequency at 2.4 
GHz. It is evident that when transmitting states 1 or 3 are selected, the optimum receive states are 3 
and 1, respectively. While selecting transmitting states are 2 or 4, the optimum receiving states are 2 
and 4, respectively.  
Also, the effect of multipath fading in the local area is less significant when optimum states are 
selected. Figure 5-6 shows that deep fades are present for the less optimum states only. For 
example, when transmitting from states 1 and 3, receiving state 4 experienced deep fades at the 1.7 
and 2.15 and 2.15 respectively. Furthermore, when transmitting from states 2 and 4, receiving 
state 3 experienced deep fades at 1 for both transmitting states. The reason may be attribute to the 
phase difference of reflecting EM waves in the confined propagation environment in addition to 
polarisation miss match.  
However, Figure 5-7 high path loss and significant multipath fading for transmitting state 2. The 
likely cause is the longer path length of the EM wave traveling out of the open face of the file 
cabinet and reflecting off the surrounding walls as shown in Figure 5-5.  Though, the multipath 
fading is less deep than the signal strength degrades faster compared to states in the highly confined 
propagation channel. 
 
Figure 5-6 RSS for RA in the metal cabinet 
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Figure 5-7 Path loss with optimum received signal by transmit state 
5.3.3 Discussion 
Within a local area, the path loss experienced within the filing cabinet is shown in Figure 5-7. The 
blue curve is the optimum received signal (ORS) as a function of the transmit state and polarisation. 
The red dash line is the linear fit of the ORS for each transmit state. It was observed that the most 
optimum transmit-receive pair was available through transmit state 1 while the least optimum 
transmit-receive state was transmitted state 2 as expected. The optimum state had a path loss 
exponent of 2.8 while the least optimum path having higher path loss exponent of 4.7. The average 
shadowing fading was 1.67 dB which reflects the nature of the confined smooth surface. Thus, in a 
highly reflective environment of changing dimension, the path loss can change by a factor of 2.  
5.3.4 Summary 
This experiment confirms the operation of the switch controller and the operation of the RA. Also, 
the distinct separation of optimum receive states confirms the RA channel developed in chapter 3 
and the simulated data from WI. In a confined highly reflective environment, the RA is able to 
counteract the effect of wave depolarisation and reduce multipath fading.  
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5.4 Investigating the Effect of Antenna Placement with an RA in a 
Rough Emulated Tunnel 
The RA channel sounder was characterised in the emulated underground tunnel to consider the 
effects of the wider tunnel geometry, antenna placement, and polarisation diversity.  
5.4.1 Measurement Site 
The experiment site is discussed in detail in Section 4.2.1 of Chapter 4.   
5.4.2 Measurement Setup 
Figure 5-8 (a) shows PS 1b where the transmitting antenna is at 1 while the receiving antenna is at 
b, with both antennas at the height of 1.6 m. Part (b) of Figure 5-8 shows the top view of 
measurement points within the tunnel. It can be noted from Figure 5-8 (a) that the emulated tunnel 
is narrow with brick walls and a concrete floor and ceiling. The floor appears to be rougher than the 
ceiling. However, at the UFH wall roughness has less effect on the propagation wave [10]. Due to 
the limitation of the measurement system at the time of measurement, the maximum separation 
distance permitted by the channel sounder was 3 m which is equivalent to 25 wavelengths at the RA 
resonant frequency of 2.45 GHz. 
With the transmitting antenna fixed, the receiving antenna is moved along the length of the tunnel at 
0.15 m increments. At each measurement point, the VNA swept the channel from 1 to 4 GHz 
capturing 201 data points within 66.7 ns. To ensure that sufficient signal power was detected by the 
receiving antenna, the transmitted signal was boosted with a 10 dB power amplifier connected to 
the transmitting antenna. The system setup is similar to that in Figure 5-1 without the LNA at the 
receiving antenna.  The system was calibrated to include the power amplifier loss and longer cable 
used in this set of measurements.  
 
Figure 5-8 a) Experiment setup at 3m (Tx at 1 and Rx at b) in the emulated tunnel, b) Measurements points;  receive 
antenna; a- middle, b – right & c - left and transmit antenna at height of 1.6 m (1, 2, 3) and 2.1 m (4, 5, 6) 
(b) 
(a) 
Rxb 
Tx1 
Ceiling 
Middle 
(a) 
Right 
(b) 
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5.4.3 Results 
5.4.3.1 Received Power 
The effects of antenna position and polarisation diversity within the emulated tunnel is compared in 
Figure 5-9. The RSS is a function of the transmit antenna moving horizontally and vertically in the 
tunnel cross-section. PS 1a is considered to be the ideal by most researchers when characterising 
underground mines [4, 6, 22]. The effect of moving the RA in the horizontal plane is considered in 
PS 2a and 3a while PS 4a captures RA movement in the vertical plane. Because of the symmetry in 
the RA, the channel responses of transmitting states 3 and 4 would be relatively similar to those of 
transmitting states 1 and 2. Therefore a discussion using two states, transmit states 1 and 2, is 
sufficient to represent the full antenna.  
The distance of 3 m is sufficient to capture multipath effects in this environment. From Figure 5-9, 
it can be observed that in PS 1a and 2a, the RSS attenuates by 10 dB with a deviation of 5 dB within 
a few wavelengths. In PS 3a and 4a, the RSS attenuate by only 5 dB; however, the deviation is more 
than 10 dB in some states. Interestingly, where there is deep fading in some states, there is an 
alternate optimum receive state. Moreover, there is more than one optimum receive state which 
implies that multipath effects can be managed by shifting the states based on RSS at any location 
within the coverage area. Therefore, the correlation between two receive states and a transmit state 
is needed to determine the reliability of the RA changing states to provide a reliable wireless link.   
 
Figure 5-9 Measurement 2: RSS for transmitting states 1 and 2 at position 1a, 2a, 3a, and 4a. 
5.4.3.2 Correlation Analysis 
The generic correlation function is used to consider the receive correlation between each two 
receive states for a transmit state. For example, the correlation between receive states 1 and 2 is 
calculated as 
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where E[] is the expectation function. The receive correlation of transmitting states 1 and 2 with all 
receiving states is shown in Table 5-3. 
Table 5-3 Receive states correlation in representative propagation environments, 1a, 2a, 3a, and 4a 
 PS – 1a PS – 2a PS – 3a PS – 4a 
Rx-Rx TxS1 TxS2 TxS1 TxS2 TxS1 TxS2 TxS1 TxS2 
1-2 0.58 0.97 0.45 0.99 0.64 0.94 0.64 0.97 
1-3 0.58 0.96 0.45 0.99 0.65 0.94 0.66 0.98 
1-4 0.58 0.76 0.57 0.58 0.65 0.74 0.66 0.71 
2-3 0.99 0.98 0.98 0.99 1 1 0.98 0.99 
2-4 0.99 0.75 0.78 0.59 0.99 0.82 0.98 0.74 
3-4 0.99 0.75 0.77 0.59 1 0.83 0.99 0.72 
 
 From Table 5-3, it can be seen that: 
 For every transmit state, there are at least two receive states with a correlation coefficient of 
more than 0.99. The additional receive states is selected when the most direct path is 
blocked or the signal enters a bend or at an intersection improving link reliability.   
 Secondly, in the event that an EM wave is depolarised as it encounters an obstruction or a 
bend, another optimum state is available for selection. For example, when the current 
operation state of TxS1 to RxS3 encounters an obstruction, the receive state is changed to 
RxS2 or RxS4 with the same performance.  
 An interesting relationship that emerged from the data is the availability of a common 
optimum operating state for this antenna configuration for all four PSs. In these PSs, the 
optimum received states, 2 and 3, had more than 0.90 receiver correlation for both transmit 
states. The benefit of such a high degree of flexibility during installation is that the effects of 
tunnel dimension on system performance are minimised [6, 13].    
Therefore, it is acceptable to consider an ultimate optimum operating state in any propagation 
scenario with high confidence that the RA will provide an optimum reliable wireless link. A simpler 
mechanism to determine this optimum operating state is to compare the path loss data to a 
threshold.  
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5.4.3.3 Path Loss 
In this section, the simulated and measured path loss data is compared and the process of 
determining the optimum operating signal (OOS) is discussed. Figure 5-10 compares the simulated 
and measured path loss where the line plot shows the path loss trend in transmitting states 1 and 2. 
The simulated results show high variation in transmit state 2 compared to that of the measured data. 
Furthermore, receive state 3 in the simulation showed an unexpected trend which may be attributed 
to change in the materials properties of the wall in WI. This effect has been seen in other 
simulations. However, for most receive states, the measurement data is in agreement with the 
simulated data. Thus, only the measurement data is used to determine the OOS in the emulated 
tunnel.  
 
Figure 5-10 Representative figure of path loss vs. Tx-Rx separation distance for all available transmit-receive states (a) 
simulation and (b) measurements 
The OSS for PS 1a, 2a, 3a, and 4a is shown in Figure 5-11. The surprising result indicated in Figure 
5-11 is the slope of the line of best fit. Observe that the line of best fit in PS 1a is steeper than that 
of the other PS. PS 1a is the ideal position of the fixed antenna and is also the most practical 
position when taking measurements in underground mines. The slope of the line of best fit in PS 4a 
is flatter than all other plots which implies that this position is best for the transmitting RA when the 
receiving RA is located in the centre of the tunnel.  
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Figure 5-11 OOS for PS 1a, 2a, 3a, and 4a. 
Following the visual plot in Figure 5-11, the path loss exponent and shadowing fading is calculated 
and presented in Table 5-4.   
Table 5-4 Path loss exponent, n, and standard deviation,, of the optimum operating state for PS 1a, 2a, 3a, and 4a 
 1a 2a 3a 4a 
n 4.79 4.17 4.78 2.99 
 1.52 1.06 0.51 0.89 
5.4.4 Discussion 
In a confined but wide, and moderately reflective environment, the characterisation of the RA 
shows encouraging results. The correlation data identifies two receive states with 0.9 correlation for 
each transmit state out of the four available receive states. Using MIMO systems, such high 
correlation between two adjacent elements only degrades diversity gains, and thus the overall 
wireless system performance [21]. However, the symmetrical compact RA structure improves 
diversity gain through polarisation diversity with the orthogonal operating states.  
When positioning the transmitting antenna, polarisation diversity ensures that there is an OOS 
irrespective of the position of the receiving antenna. The simplest criteria to use in determining the 
OSS is path loss. In considering the path loss data within the emulated tunnel, the experimental path 
loss exponent in Table 5-4 disagrees with the data published in [4, 7] while the average standard 
deviation for all states is in agreement. However, the path loss exponent is similar to wireless 
propagation in the indoor environment [14]. The high path loss may be attributed to transmission 
and absorption of EM wave through the brick walls and cement ceiling (which is 0.3 m wide). Also, 
the lower levels of shadowing fading confirm that at UHF, the small deviation in the wall roughness 
has a negligible effect on path loss. It is also obvious from Table 5-4 that PS 4a has the lowest path 
loss exponent and shadowing fading.  This implies that the best optimum position for the 
transmitting antenna is below the ceiling when the receiving antenna is located in the centre of the 
tunnel.  
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5.4.5 Summary 
The measurements provided in this section indicate that an RA with polarisation diversity offers at 
least two reliable wireless links between the access point and mobile stations in an underground 
mine. Thus, the effect of tunnel dimension on polarisation loss as a function of antenna position is 
relaxed and increases the number of possible antenna positions in the propagation environment. The 
high correlation between the two links justifies the use of state switching to determine the OOS in 
any propagation scenario. The position of the transmitting and receiving antennas also affects the 
OOS. In a tunnel with fixed tunnel geometry, the optimum position for the transmitting antenna is 
below the ceiling. However, placing the transmitting antenna on the walls is also more effective 
than placing it in the middle of the tunnel.    
5.5 Investigating the Effects of Tunnel Geometry on an RA in an 
Underground Mine 
With an understanding of the effect of placing the RA within the channel, the RA is characterised in 
an underground mine tunnel with changing tunnel geometry along the propagation path.  
5.5.1 Measurement Site – Level 116, University of Queensland Experimental Mine 
The description of the experiment site in Chapter 4, Section 4.3.1 also applies to this section.  
5.5.2 Measurement Campaign 
The underground mine gallery at level 116 offers LOS and NLOS propagation environments. As 
shown in Figure 5-12, the LOS propagation environment stretches from the tunnel entrance past an 
experimental shaft and ends at a bend. The tunnel dimension in the LOS changes along the whole 
length and widens by 0.2 m when the experiment shaft connects to level 116. In the NLOS 
propagation environment, the effect of changing tunnel geometry as well as NLOS propagation is 
considered as the receiving antenna is moved around the bend. The width of the bend is greater than 
that of the straight tunnel as depicted in Figure 5-13 which indicates the distance from the water 
pipe on the ground to the right tunnel wall. In the straight section, the water pipe is closer to the 
right tunnel wall. 
The transmit antenna remains fixed while the receive antenna is moved along the tunnel length. The 
receive antenna is moved by increments of 0.15 m, which is the half-wavelength of the lowest 
frequency component of 1GHz in the transmission bandwidth. The 0.15 m separation is sufficient to 
capture small-scale as well as large-scale fading [14]. The measurement system parameters are 
specified in Table 5-5. The range of the measurement system is extended from that of the emulated 
Investigating the Effects of Tunnel Geometry on an RA in an Underground Mine 
63 
tunnel with the inclusion of the LNA. The measurement system was recalibrated using the 
QuickCal function in the VNA with the end of the amplifiers as the reference points.  
 
Figure 5-12 Propagation environment: LOS (red) through the branch and NLOS (green) around the bend 
Table 5-5 Measurement system parameters 
Parameters Values 
Bandwidth (GHz) 3  
Centre frequency (GHz) 2.45  
Frequency sweeping points 201 
Frequency resolution (MHz) 15  
Time resolution (ps) 333 
Maximum delay range (ns) 67 
Sweep average 30 
Power amplifier (dB) 10 
Low-noise amplifier (dB) 20 
Reconfigurable antenna: freq. Range (GHz) 
Prototype gain (dBi) 
2.38 – 2.53 
5.23 
Omnidirectional antenna: freq. Range (GHz) 
Omnidirectional gain (dBi) 
2.4-2.5 
3 
Tx-rx antenna height (m) 1.3 
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(a)    (b)    (c) 
Figure 5-13 Measurements setup; (a) RA setup in LOS, (b) Dipole setup in LOS & (c) RA receiving antenna around the 
bend in NLOS 
5.5.3 Results 
5.5.3.1 Path Loss 
The path loss exponent for each of the sixteen transmit-receive state pairs was calculated. The path 
loss plot of all transmit-receive states in LOS and NLOS is shown in Figure 5-14 and Figure 5-15, 
respectively, as circles. An optimum received signal is defined based on the least path loss within 
the sixteen available transmit-receive states as a function of the propagation environment. The 
optimum received signal in Figure 5-14 and Figure 5-15 is the solid blue line which shows the 
ability of the RA to change state at any location within the coverage area. As the temporal and 
spatial properties of the channel change, the optimum receive state may also change. In a fixed-to-
mobile propagation where the transmitter is fixed, the change in the propagation can be affected by 
the movement of machinery or personnel within the PE. In a mobile-to-mobile propagation, the 
channel would be highly dynamic. For example, in Figure 5-14 and Figure 5-15, when transmitting 
from state 1, the optimum state of each measurement point shifts dynamically between receive state 
4 (RxS4) and the other states. At distances of 2.5, 4.5 and 6.1 m from the transmitter, RxS4 suffers 
the highest loss. However, in other positions, RxS4 suffers the lowest loss. It can be seen that the 
receiver can changes state to reach optimum state. By doing so, the quality of the wireless link 
between the transmitter and receiver is maintained to improve reliability. In the straight tunnel, 
where deep fades are more significant in the far-field, the RA is highly beneficial for stationary 
receivers. Therefore, the path loss exponent of the operating receive signal is sufficient to determine 
the performance of the RA for each transmit state when incorporated into a link budget.  
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The red dashed line in Figure 5-14 and Figure 5-15 shows the path loss trend. It is encouraging that 
the slope is relatively consistent for all transmit states. The consistency in RSS across transmit 
states will simplify the choice of safety margin in the wireless communication system design. 
However, the effect of shadowing due to tunnel dimensions and wall roughness is also important.  
 
Figure 5-14 RA path loss in LOS; ORS – optimum receive signal, RxS; where S is 1, 2, 3, and 4 for each receive state. 
 
Figure 5-15 RA path loss in NLOS; ORS – optimum received signal, RxS; where S is 1, 2, 3, and 4 for each receive 
state. 
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5.5.3.2 Shadowing Fading Distribution 
The distribution of the shadowing is also important in characterising the channel with directional 
antennas. Current research reports shadow fading as being normally distributed [8]. To this effect, 
the Lilliefors test for goodness of fit was performed on the standard deviation to verify the 
distribution of each transmit-receive pair. The test results on the measured data presented in Table 
5-6 show that shadow fading effects for all transmit states with the corresponding optimum receive 
signal (ORS) as well as the optimum operating signal (OOS) for each propagation environment 
which differs from a normal distribution. For all transmit-receive states where the Lillis statistics 
value, L, is greater than the critical value, C, the distribution differs from the normal distribution. 
The probability value, P, indicates the likelihood that shadow fading distribution is normal. Only 
states with a probability higher than 0.13 are likely to be accepted as normally distributed.  
Table 5-6 Lilliefors test results for the ORS and the OOS operating states (P – probability value, L – Lillie 
statistics value, C – Critical Value) 
Transmit 
Signal 
Receive 
Signal 
LOS NLOS 
P L C P L C 
TxS1 ORS 0.354 0.091 0.125 0.001 0175 0.116 
TxS2 ORS 0.001 0.222 0.125 0.024 0.125 0.116 
TxS3 ORS 0.007 0.150 0.125 0.001 0.167 0.116 
TxS4 ORS 0.006 0.151 0.125 0.001 0.194 0.116 
OTS ORS 0.103 0.114 0.125 0.004 0.145 0.116 
 
5.5.3.3 Time Delay Dispersion Characteristics 
Directional antennas have been shown to reduce time dispersion within the channel. However, the 
propagation environment also affects the performance of the antenna.  To this effect, the channel‟s 
dispersive parameters, such the mean excess delay (  ), maximum excess delays (    ), and the 
square root of the second central moment of the power delay profile (    ), were determined. The 
time dispersion characteristics of the channel were determined from the PDP.  
Figure 5-16 shows a typical PDP from measurements in the LOS and NLOS at the UQEM, 
respectively. The PDP is used to determine a threshold for each measurement point in the 
propagation environment. The threshold is used to identify the first crossing above it and the last 
crossing below it from the PDP. The time from the first crossing of the threshold to the last crossing 
below defines the maximum delays. Thus, the selected threshold for the RA in LOS and NLOS is -
50 dB as observed in Figure 5-16. In Figure 5-17, the threshold for dipole antenna in the LOS and 
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NLOS is taken to be -45 dB. The selected threshold is passed through a function to calculate the 
time dispersion characteristics. The calculated delay spread parameters are shown in Table 5-7 and 
Table 5-8 for the RA and dipole in the UQEM, respectively.  
 
 (a) (b)  
Figure 5-16 Power delay profile of RA in (a) LOS (Transmit state 1 at 6 m) (b) NLOS (Transmit state 1 at 7.1 m) 
     
 (a) (b)  
Figure 5-17 Power delay profile of dipole in UQEM at various distances in the (a) LOS and (b) NLOS Pes. 
Because of the consistency in path loss between the transmit states, the multipath effects would be 
dependent on the propagation environment. Therefore, the mean values of the RMS delay spread in 
this study for the optimum transmit state are 4.43 ns and 6.81 ns for the RA in LOS and NLOS, 
respectively. On the other hand, the dipole antenna recorded 7.11 ns and 10.71 ns in LOS and 
NLOS, respectively. These values are considered as the optimum received signal delays for all 
transmit states averaged as shown in Table 5-7 and Table 5-8. Notice the slight difference in mean 
RMS delays spread between the RA and dipole antenna. These results agree with published results 
that directional antennas show a lower RMS delay spread than that of an omnidirectional antennas. 
Corners and bends in the tunnel will also increase the delay spread.  
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Once the time dispersion parameters have been determined, the likelihood of signal distortion 
within the channel can be qualified. This comparison can be achieved using the coherence 
bandwidth. A discussion of the coherence bandwidth for the RA, ORS, and dipole is presented in 
the discussion section.   
Table 5-7 Optimum receiving state mean, standard deviation (SD) and maximum of τmean, τmax  and τrms  in nanosecond 
(ns) for the RA in the UQEM LOS and NLOS PE 
 LOS NLOS 
                          
Mean 16.59 4.68 22.17 23.94 7.02 13.75 
SD 7.32 0.74 19.39 11.54 3.08 22.29 
Max 28.13 7.12 65.59 43.40 17.02 80.49 
 
Table 5-8 Mean excess, standard deviation, and maximum excess delay of τmean, τmax  and τrms  in nanoseconds (ns) for 
omnidirectional antenna with the threshold of -45 db for LOS and NLOS PE. 
 LOS NLOS 
                               
Mean 44.58 7.11 24.48 46.24 10.71 5.22 
SD 6.69 1.59 24.36 7.16 6.42 17.14 
Max 54.32 10.61 66.18 56.15 28.66 66.18 
 
The data in Table 5-7 and Table 5-8 shows that the dipole antenna experienced longer delays than 
the RA as expected.  
5.5.3.4 Capacity 
Channel capacity is an important criterion in analysing the usefulness of an antenna. Since 
measurements were conducted in the frequency domain, the measured frequency response provides 
a means to estimate the channel capacity. The frequency channel measurement technique divides 
the channel into subchannels. When considering each pulse, the effect of fading in the subchannel is 
assumed to be flat. Following this assumption, the subchannel capacity based on the measured 
frequency can be determined from [8]: 
    ∑        [      ]
 
    (27) 
where: 
N – Subchannels (201 in this case) 
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    – SNR at the receiver in the ith subchannel at distance d 
   – SNR at close-in reference distance, d0, (1 m in this case) 
The capacity plots in Figure 5-18, Figure 5-19, and Figure 5-20 show measured channel capacity as 
a function of the frequency response. Having normalised the response by dividing all of the 
measured frequency responses by that close-in reference distance frequency response, the channel 
capacity is dependent on the channel characteristics and distance between the transmit and receive 
antennas. In both antenna types, the capacity changes according to the channel characteristics as 
indicated by the peaks and dips in the plots. The RA capacity plots decrease from 0.25 Gbps to 0.17 
Gbps around the bend compared to the dipole, which shows a slight increase from 0.16 Gbps to 
0.18 Gbps when the SNR at the receiver is constant. The results suggest that the increase in capacity 
for the dipole antenna may be related to the wide beamwidth which receives more multipath 
components. Nevertheless, as seen in the all propagation environment, a directional antenna with 
improved SNR at the receiver should have a higher capacity (by 50 Mbps in most of the channel) 
than that of the dipole. 
 
Figure 5-18 Channel capacity of the RA in the LOS based on the frequency response with SNR at reference distance, 
d0, to be 15dB 
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Figure 5-19 Channel capacity of the RA in the NLOS based on the frequency response with SNR at reference distance, 
d0, to be 15dB 
  
(a)       (b) 
Figure 5-20 Channel capacity of the dipole based on frequency response, (a) SNR 15 dB (b) SNR 20 dB 
5.5.4 Discussion 
The discussion of results is considered in three parts: path loss, coherence bandwidth, and capacity.  
5.5.4.1 Path Loss 
The link budget analyses the wireless link and provides the opportunity to define safety margins 
based on the path loss characteristics in a propagation environment. The safety margins are 
translated as systems parameters implemented in the transmitter or receiver to ensure that the link is 
always available and thus reliable. The link budget for wireless systems in free space uses a 
theoretical path loss exponent of 2 (n=2). Wireless systems in other propagation environments are 
compared with free space path loss exponents. Thus, path loss exponents less than 2 implies better 
system performance. However, most outdoor propagation environments report higher path loss 
exponents, ranging from 3 to 5, and indoor propagation environments with obstruction reported 
path loss exponents ranging from 4 to 6. Table 3-1 shows some typical values for an underground 
mine. 
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Based on the results presented in Section 5.5.3.1, the consistency of the path loss exponent, and the 
high correlation between transmit-receive pairs, it is logical to define an optimum operating signal 
(OOS) for each propagation scenario. The OOS for LOS and NLOS in UQEM is plotted in Figure 
5-21 (a) and (b), respectively. It is obvious that the LOS displays a lower path loss over the 
propagation distance compared to that of the NLOS, irrespective of the antenna type. This 
observation is consistent with the published results [15, 22]. In LOS a high variation of path loss is 
observed compared to that of NLOS for the RA. In NLOS,  the bend in the tunnel is also wider than 
the straight section thus a significant reduction of path loss is observed in the horizontally aligned 
transmit states, TxS1, and TxS3. This  is the effect of polarisation loss due to tunnel dimension [6]. 
The observation is also evident in Figure 5-21 using a dipole with horizontal polarisation. Path loss 
data of the RA is compared with that of a dipole in the same environment and the data in [22] for 
LOS and NLOS propagation environments.  
Firstly, the path loss performance of the OOS against the dipole is shown in Figure 5-21. It appears 
that the RA has lower path loss than the dipole in both the LOS and NLOS environments. The 
numerical calculation is shown in Table 5-9. The RA offers 22% and 21% path loss improvement 
over the dipole in the LOS and NLOS environments, respectively. The results suggest that the path 
loss is less correlated to the distance. Shadowing in the LOS environment is lower than that of the 
NLOS for both antenna types. However, the RA show 23%  and 28% higher deviation of the signal 
power in the LOS and NLOS environment, respectively, compared to the dipole. The high 
shadowing may be attributed to the higher-order modes due to the narrow tunnel width. However in 
a wider tunnel with a higher tunnel aspect ratio, the performance of the RA may improve 
significantly.  
 
Figure 5-21 Path loss comparison of the RA with a dipole path in (a) LOS and (b) NLOS 
 
 
(a) (b) 
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Table 5-9  Path loss exponent, n, and variance,, of shadow fading for the RA and dipole in LOS and NLOS 
Antenna Environment n  
RA 
LOS 2.40 3.02 
NLOS 3.95 4.29 
Dipole 
LOS 3.07 2.45 
NLOS 5.01 3.34 
 
Secondly, data from the UQEM measurement is compared with the study published in [22]. Details 
about the study are provided in Table 3-1. The path loss data from the published study is compared 
with measurement data in  
Table 5-10 to aid discussion. The average path loss exponent of the RA ORS in the LOS is 16%  
lower than that of the directional antenna in [22]. Despite this, in the NLOS the RA showed a 36% 
(n=6.16) path loss improvement. Shadowing in the measurement data is also higher than that of the 
published data. Two controlling factors may be responsible for the difference in results. Firstly, note 
that in Table 3-1, the tunnel dimension differs by a factor of 2, while the resonating frequency 
differs by a factor of 2.7. Consequently, the RA may offer better performance in the wider tunnel in 
both the LOS and NLOS, as illustrated by the dip in path loss (improved signal strength) at the 5 m 
distance in Figure 5-21 (b) where the tunnel widens around the bend. After the bend, at 7 m, the 
tunnel width reduces, and the curve returns to the line of best fit. The tunnel dimension also affects 
shadow fading. Secondly, modal analysis of effective operational modes in underground mine 
tunnels in [11] showed that the operating frequency is a controlling factor. Therefore, results 
suggest that if the RA is operating at the same frequency in the same environment, the performance 
improvement may be about 20%. This is because the dimension of the UQEM tunnel is smaller by a 
factor of 2 and the frequency difference is smaller by a factor of 2.7 (6.5/2.45). 
Furthermore, it can be noted from  
Table 5-10 that when the mobile unit moves from the LOS to the NLOS environment, path loss and 
shadowing changes. The RA showed a 39.2% increase in path loss compared to 67.4 % path loss by 
the directional antenna. In terms of shadowing, the RA encountered an increase of 28% while the 
directional antenna exhibited a higher increase of 78.2% which is much higher than the path loss 
increase. It should be noted that in the UQEM, shadowing fading reduces when moving from LOS 
to NLOS created by a bend in the tunnel compared to the movement in the tunnel environment in 
the published data. 
Table 5-10 Comparing effect of tunnel geometry on path loss of RA with published data [22] 
Study 
Tunnel (m) 
 LOS NLOS 
Tunnel Geometry Effect going 
from LOS to NLOS on: 
  n   n   n  
RA in UQEM 
1.42-1.5x1.6 
RA 2.40 3.09 3.95 4.29 39.2% Increase 28% Increase 
Dipole 3.07 2.45 5.01 3.34 39% Increase 26.6% Increase 
[22] Directional 2.01 0.32 6.16 1.47 67.4% Increase 78.2% Increase 
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2.5-3x3 Dipole 2.11 0.89 3 0.66 29.7% Increase 34.8% Decrease 
 
5.5.4.2 Coherence Bandwidth 
The coherence bandwidth is useful in describing the channel effects on the propagating signal in the 
frequency domain. The coherence bandwidth in the UQEM measurements is estimated from mean 
RMS delays in Table 5-7 and Table 5-8 using (13) as defined in Chapter 3. It is expected that the 
RMS delay would increase when the propagation environment changed from the LOS to NLOS. 
Therefore the coherence bandwidth, which is inversely proportional, will also be reduced by a 
factor of 5. As shown in Table 5-11, the RA offered 50% more coherence bandwidth in the LOS 
environment. In the NLOS, the RA offered 34% more coherence bandwidth. This is due to the 
directivity of the RA beam as reported in [22].   
Table 5-11 Coherence bandwidth (MHz): UQEM measurement compared with published data [22] at 0.5 correlation 
level 
Antenna Type LOS NLOS 
Mean 
RMS 
Delay (ns) 
Coherence 
Bandwidth 
(MHz) 
Mean RMS 
Delay (ns) 
Coherence 
Bandwidth 
(MHz) 
RA 4.68 42.7 7.02 28.5 
Dipole 7.11 28.1 10.71 18.7 
Directional [22]  96.61  24.27 
Dipole [22]  20.53  9.50 
  
Table 5-11 compares the measurement coherence bandwidth with that of the studypublished in [22]. 
As expected, the coherence bandwidth in the LOS is greater than that of the NLOS. However, the 
RA and dipole in the small tunnel dimension experience a 33% decrease in coherence bandwidth. In 
the published data, the directional antenna reported a decrease of 75%, while the dipole experienced 
a 54% decrease. Therefore, the tunnel dimension does control coherence bandwidth. Nevertheless, 
an improvement in the radiation pattern and directivity, may also further improve coherence 
bandwidth, as illustrated by the RA in Table 5-11. The reason for the increase in coherence 
bandwidth can be seen in Figure 5-22. At 7 m in the NLOS the RA shows reduced number of fades 
in the operating bandwidth compared to the dipole, which lowers the time delay thus increases the 
coherence bandwidth.  
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Figure 5-22 Frequency response of the channel at 7m in the LOS and NLOS regions 
5.5.4.3 Capacity 
The channel capacity can be predicted from the channel response. As seen in Figure 5-18, Figure 
5-19 , and Figure 5-20, the mean received power is consistent as a function of the channel response. 
Therefore, a simpler option for calculating the channel capacity would be to use the path loss 
exponent as described in [8]. A path loss channel capacity comparison of the RA and dipole 
antennas is presented in Figure 5-23. The transmit power was fixed at 0 dBm; the channel 
bandwidth was fixed at 150 MHz. Because of the higher path loss in the NLOS, the LOS plot 
should show higher channel capacity as shown in Figure 5-23. The similarity of the path loss 
characteristics is visible in the capacity plots. The major difference is the capacity at the close-in 
reference distance, d0. In this case, the RA has lower path loss at the d0 compared to the dipole in 
the LOS as shown in Figure 5-21. In the NLOS, the path loss at d0 for the dipole is slightly lower 
than the RA when compared to LOS, as shown in Figure 5-21. However, in Figure 5-23 there is a 
difference of 20 Gbps at the close-in reference distance which implies that antenna insertion loss 
does impact the system capacity. The relation in Figure 5-23 suggests that lower antenna insertion 
loss offers higher channel capacity at the close-in reference distance which resulted in a higher 
margin of system capacity. Based on the distance-power law, path loss increases as the distance 
increases. Thus, the system capacity will decrease as the distance between transmitting and 
receiving antennas increases.   
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Figure 5-23 Capacity comparison with fixed channel bandwidth (150MHz) based on path loss 
5.5.5 Summary 
This section evaluated the RA in a hard rock underground mine. The selected tunnel offered a LOS 
and NLOS propagation environment with changing tunnel geometry. The wider section in the LOS 
region created by a connecting shaft had little effect on the received signal strength; however, the 
widening of the bend in the tunnel in the NLOS had a significant effect on the path loss. In both 
environments, the RA exhibited lower path loss and higher coherence bandwidth compared to that 
of the dipole. Comparing the RA‟s results with results from [22], the RA offered lower path loss in 
the NLOS. In the same tunnel, then, the RA may be effective in improving path loss and mitigating 
multipath fading in the LOS and NLOS. When the bandwidth is fixed, system capacity based on 
path loss will depend on the antenna‟s effectiveness in improving signal-to-noise ratio by 
minimising path loss. The RA has shown superior system capacity compared to that of the dipole 
antenna.  
5.6 Conclusion 
This chapter discusses the experimental evaluation of the RA in three propagation environments 
with three main objectives. The first objective was to verify the operation of the antenna; the 
antenna was characterised in a confined and highly reflective environment. In the highly reflective 
and confined tunnel with rectangular uniform geometry, the different operating states are visible. 
However, when the tunnel widens with irregular geometry, the distinct separation of operating 
states is less distinct. The second objective was to determine the effect of antenna placement within 
the tunnel. It was shown that for best reception of a signal from the centre of the tunnel, the 
transmitting antenna must be mounted on the ceiling (for both RA and fixed antennas). Positioning 
the receiving RA close to the walls results in additional loss. However, this effect can be minimised 
by selecting the optimum operating signal from the available transmit-receive pairs. The last 
objective evaluated the performance of the RA in a hard rock mine with changing tunnel geometry 
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in the LOS and NLOS environments. A dipole was characterised in the same environment for 
comparison. The RA offered significant improvements in path loss and RMS delay spread in the 
NLOS. The performance of the RA in the LOS demonstrated moderate improvements in path loss 
and delay spread. The decrease in path loss within the bend in the tunnel suggests that the RA may 
be more effective in the wider tunnel. The RA can re-optimise the operating state by providing a 
reliable wireless in an underground mine. The characterisation of the RA in the three sites confirms 
the operational characteristics and evaluates the benefits of pattern and polarisation RAs in hard 
rock underground mine tunnels. 
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Chapter 6  
Conclusion and Future Work 
This chapter presents and discusses the main contributions of the thesis. The aim of this thesis is to 
investigate multipath mitigation in underground mines wireless channels at the physical layer. The 
objectives of the investigation were to a) develop a simple and realistic channel model for 
reconfigurable antennas in underground mines, b) model and simulate reconfigurable antennas in 
the channel, c) characterise the reconfigurable antennas in an underground mine, and d) develop a 
guideline for reconfigurable antenna design for underground mines. The main findings resulting 
from performing the tasked related to these objectives are discussed below.  
6.1 Summary of Thesis Contributions 
In Chapter 2, a brief review of multipath mitigation in underground mines at the physical layer is 
discussed. The main contribution of the chapter is to review the trend in wireless communications 
for underground mines and the research that focuses on the physical layer. The review provides the 
best point of reference for wireless communication systems in the past, the present, and into the 
future. It was found that antenna design guidelines for underground mines are not available for any 
antenna type. Thus, antennas were designed on an ad-hoc basis.  
Chapter 3 outlines the formulation of the simple, compact, and realistic channel-modelling tool for 
underground mines known as the double-directional ray-tracing channel model. The channel 
incorporates a real antenna into a simple channel. The antenna is easily defined using radiation 
pattern, directivity, and look angle. The ray-tracing algorithm is flexible and capable of predicting 
changes in received signal strength using real antennas. The model can predict the receiver power to 
evaluate spatial properties of the transmitting and receiving antennas. Electrical properties of the 
channel have less effect on the calculated results. Thus, electrical properties are not included in the 
channel model.  Additional advanced functionality is outlined below for further work.  
A commercial simulator was used in Chapter 4 to evaluate and investigate propagation properties of 
the RA. Two major simulations were conducted to evaluate the performance of the RA in an 
underground mine tunnel and to develop an in-depth understanding of the expected results in real 
underground mine environments. For the first time, extensive antenna placement simulation of an 
RA was performed. The simulation considered antenna positions that were not practical for 
measurement due to the confined propagation environment. An extensive RA simulation in a real 
underground mine was also conducted.  
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It was observed that the best optimum position for the transmitting RA in a narrow tunnel is below 
the ceiling for optimum signal reception with full coverage. However, positioning the transmitting 
RA on the walls will result in additional 10 dBm loss which may be offset by increasing the 
transmitted power, if permitted. If this is not an option, then coverage range may be maintained 
with more closely spaced transmitting antennas. Flexibility in installing the transmitting antenna 
implies a decoupling of the effects of antenna position to the received signal strength. Furthermore, 
in the event of an emergency, the wireless network can be restored immediately with a thorough 
understanding of the propagation behaviour of the new propagation environment. The tentative 
results provided the basis for the experimental measurements discussed next.  
In Chapter 5, experimental characterisation of the RA was conducted. In addition to empirical 
measurements of antenna placement, the effect of changing tunnel dimension on an RA was 
evaluated experimentally for the first time. In considering the controlling factors of tunnel 
dimension and polarisation, the RA is compared with a dipole and a directional antenna. There is 
not much improvement in path loss in the unobstructed stationary channel due to the small tunnel 
size. It would be interesting to measure the channel effects in the same tunnel with movement and 
obstruction. In terms of the effect of reflections and scattering, the RA recorded less deviation 
compared to that of previously published results.  
However, the characterisation of RA in the NLOS showed a significant difference. Greater 
improvement in path loss and time dispersion is demonstrated by the RA compared to that of the 
measured dipole. Compared with the published data in a similar study, the RA revealed better path 
loss performance to the directional antenna in the NLOS. The comparative analysis and discussion 
presented in this thesis are the first to consider an RA in an underground mine. In path loss, there is 
a 20% difference in performance while the time dispersion showed 68% difference compared to that 
of the directional antenna. The results suggest that offsetting the beam from the boresight with a 
unique pattern may have offset the effects of widening tunnel width and changing the direction of 
scattering waves. Alternatively, the selection of the OOS based on spatial and polarisation diversity 
may have contributed to the improvement in the NLOS. Overall, it may be cost effective to use the 
RA in both LOS and NLOS environments.   
6.2 Future Work 
In this section, several possible directions are suggested for future work.  
6.2.1 Enhancement of Channel Model 
The limited detail in the double-directional ray-tracing channel model outlined in Chapter 3 requires 
attention. The model requires measurement data to calculate the received signal strength and time 
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dispersion characteristics of the channel. However, since it is not always possible to have site-
specific data, an extension of the work would need to use statistical data. However, extensive test of 
available statistical model is needed to identify the correct statistical model. Where measurement 
data is not possible, the statistical model can be used to model the environment. 
6.2.2 More RA Characterisation  
6.2.2.1 In Wider Tunnel 
The comparative study with research was conducted in a tunnel with dimensions greater than those 
of level 116 at the UQEM by a factor of 2. The NLOS propagation environment was created by a 
bend in the tunnel which is similar to the NLOS propagation environment at level 116. The RA 
showed better path loss and time dispersion characteristics than the directional antenna in the 
comparative study. The RA needs to be characterised in the tunnel in the comparative study, or 
similar to study and confirm the effects of antenna parameters. The generic 60
0
 half-power 
beamwidth radiation pattern of the directional antenna in the comparative study was directed in the 
antenna boresight. The banana-shaped radiation pattern of the RA is offset from the boresight. 
Finally, the effect of antenna placement in a real mine can easily be conducted in a wider mine 
tunnel.  
6.2.2.2 Effect of Machinery or Personnel in the Propagation Environment 
An obstructed NLOS PE also exists in underground mines. Due to the low height of the transmitting 
antenna, the presence of machinery or personnel near the transmitting antenna may obstruct the 
direct path and create multipath. In such situations, it would be interesting to investigate if 
reconfigurability at the transmitting or receiving (or both) RAs is beneficial. In addition, 
investigation into antenna placement in such situations would provide more information for the 
viability of beamforming antennas as an alternative to switched-beam RAs.  
6.2.2.3 Extend Characterisation Distance up to 100m 
Finally, the channel sounder can be adjusted to provide measurement coverage of up to 100 m. This 
will enable the continuous characterisation of multipath fading and provide more details about is 
effects on the far-field region. The goal is to provide a comprehensive study of RAs so that they can 
be compared with other antenna types in longer tunnels as reported in the literature.  
6.2.3 RA Parameter Study 
The performance enhancement offered by the RA in the NLOS PE may be related to the specific 
radiation pattern and directivity. While it was beneficial in the NLOS PE, it may have reduced 
performance in the LOS PE. A comparative study of different radiation patterns may be useful in 
defining the RA radiation pattern requirement for underground mine PEs. An extension of the 
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parameter study may evaluate the feasibility of using beamforming instead of beam switching in 
underground mines. If beamforming is found to be more beneficial, the next step would be to 
determine the guidelines for designing a beamforming RA that is simple, cost-effective, and 
compact.  
6.2.4 Optimum Operating Signal (OOS) Selection 
In order to determine the OOS in this study, path loss data was used. However, this may not be the 
only performance goal in every propagation environment. Thus, there is a need to evaluate the 
available diversity selection techniques in each of the aforementioned propagation environments 
and scenarios against some criteria. Due to the dynamics of underground mines, the existing 
solutions may be problematic. Also, in the hope of allowing integration of the RA with the upper 
layers of the protocol stack, Wi-Fi handoff algorithm requirements may be considered with a view 
to the selection algorithm offering an effective solution.  
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